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 Nederlandstalige samenvatting 
Door de eeuwen heen zijn mensen in grote mate geïntrigeerd geweest door 
licht. De ontwikkelingen van de verschillende vormen van lichtbronnen hebben 
een grote invloed gehad op de levensstijl en het comfort van de mensheid. De 
artificiële lichtbronnen die gedurende de laatste twee eeuwen zijn uitgevonden 
worden over de hele wereld gebruikt in zowel residentiële als professionele 
omgevingen. De belangrijkste types lichtbronnen vandaag de dag zijn 
gloeilampen, halogeenlampen, fluorescente lampen (met inbegrip van 
µVSDDUODPSHQ¶ DQRUJDQLVFKH /LFKW (PLWWHUHQGH 'LRGHV /('V 'oor de 
continue nood aan meer energiezuinige technieken zou in de volgende jaren 
een vrij nieuwe technologie kunnen doorbreken, namelijk Organische Licht 
Emitterende Diodes (OLEDs). Deze OLEDs zijn het onderwerp van mijn 
doctoraatsproefschrift. 
OLEDs zijn dunne film (enkele micrometer) electroluminescente bronnen die 
kunnen gebruikt worden voor zowel beelscherm- als voor 
verlichtingstoepassingen. In kleine beeldschermen voor mobiele telefoons, 
FDPHUD¶V HQ 03 VSHOHUV NXQQHQ ZH YDQGDDJ GH GDJ DO 2/(' VFKHUPHn 
terugvinden. Het gebruik voor verlichting is momenteel nog zeer beperkt tot 
vrij dure artistieke verlichting. Mijn werk richt zich hoofdzakelijk op de 
optische effecten die optreden in OLEDs voor verlichting. 
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Een OLED is opgebouwd uit verschillende organische lagen (waarvan 
tenminste één laag luminescent is) die zich bevinden tussen twee electrodes 
(waarvan tenminste één transparant is). Bij een aangelegde spanning lopen er 
elektronen en gaten door de structuur. Als de elektronen en gaten samenkomen 
in de luminescente laag wordt een exciton gevormd. Een exciton is een 
elektron-gat paar dat radiatief (met uitzending van een foton) kan vervallen. Dit 
exciton kan ook niet-radiatief vervallen door zijn energie te verliezen via 
intermediaire energietoestanden wat onvermijdelijk leidt tot warmtegeneratie. 
Een gedeelte van de elektromagnetische straling wordt uitgestuurd in het 
substraat en dit licht wordt gevangen in de OLED (en uiteindelijk 
geabsorbeerd). De oorzaak van die fenomeen is totale interne reflectie van het 
licht, dat optreedt omdat de brekingsindex van het organisch materiaal hoger is 
dan die van het substraat en de lucht. Daardoor wordt het licht enerzijds 
gevangen in het organische materiaal, maar ook in het substraat en beide 
effecten vormen een groot probleem om voldoende licht te kunnen uitkoppelen 
uit een vlakke OLED. 
In mijn doctoraat richt ik mij op de optische effecten van de vervaltijd van de 
excitonen en de licht uitkoppeling. Om deze twee effecten te simuleren heb ik 
een optisch model ontwikkeld dat een beter begrip oplevert voor beide 
fenomenen. Omdat beide fenomenen sterk gerelateerd zijn met 
verliesmechanismen in OLEDs gebruik ik dit model om de efficiëntie in te 
schatten en te verbeteren van OLEDs. Naast het ontwikkelen van dit optisch 
model heb ik ook de mogelijkheid onderzocht om substraten te gebruiken met 
hoge brekingsindex om de lichtuitkoppeling uit OLEDs te verbeteren. 
De basis van het geïntegreerde model dat ik heb ontwikkeld bestaat uit twee 
delen. De verandering van de exciton vervaltijd (die afhangt van de optische 
omgeving) en de uitkoppeling van het licht geëmitteerd door de OLED naar het 
substraat worden gemodelleerd als de coherente straling van een 
dipoolantenne. De uitkoppeling van het incoherente licht (beschreven door de 
Stokes parameters) van het substraat naar de omgeving wordt berekend aan de 
Nederlandstalige samenvatting xv 
 
hand van Mueller matrices, waarbij meervoudige reflecties in het substraat in 
rekening worden gebracht. Door gebruik te maken van de beschrijving van het 
geïntegreerd model heb ik een simulatieprogramma ontwikkeld. Dit 
programma maakt verschillende berekeningen mogelijk waaronder een 
schatting van de externe kwantumefficiëntie, het spectrum van de straling, de 
kleurcoördinaten van het geëmitteerde licht etc. Dit model werd experimenteel 
geverifieerd met behulp van een reeks experimenten met fosforescente OLEDs. 
Een dergelijke vergelijking laat toe om een schatting te maken van een waaier 
van belangrijke parameters zoals het ladingsevenwicht in de OLED en de 
stralingsefficiëntie van luminescente materialen. Bovendien laat het 
programma toe om een meerlagenstructuur te optimaliseren door gebruik te 
maken van het Nelder-Mead simplex algoritme.  
De verandering van de exciton vervaltijd als gevolg van wijzigingen in de 
optische omgeving (afhankelijk van de brekingsindices en diktes van de 
verschillende lagen van de OLED) werd grondig onderzocht aan de hand van 
metingen en simulaties. Het model wordt experimenteel geverifieerd door de 
exciton vervaltijd te meten van fosforescente materialen in verschillende 
OLED-structuren. Bovendien onderzocht ik via simulaties hoe de afstand 
tussen de electrodes in de EML de exciton vervaltijd beïnvloedt. De 
voornaamste mechanismes die leiden tot deze effecten worden besproken. 
In dit werk bestudeer ik via experimenten en simulaties hoe substraten met 
hoge brekingsindex de uitkoppeling van licht in OLEDs kunnen bevorderen. In 
de simulaties wordt een vereenvoudigd model gebruikt waarin effecten zoals 
de wijziging van de exciton vervaltijd en meervoudige reflecties in het 
substraat verwaarloosd worden. Niettemin leidt dit eenvoudig model tot vrij 
goede resultaten die in lijn liggen met de experimenten. Door gebruik te maken 
van simulaties demonstreren we een groene OLED op een substraat met hoge 
brekingsindex met een uitzonderlijke efficiëntie van 183 lm/W en een externe 
kwantumefficiëntie van 42%. Dit werd gerealiseerd door gebruik te maken van 
gedopeerde lagen voor ladingstransport en een p-i-n OLED structure. 
  
 
 English summary 
Almost all living leave beings on our planet including humans have always 
been intrigued by light. The benefits of invention of different light sources by 
men are priceless. Most of the artificial light sources used today are invented in 
the past two centuries and are used all over the world, every day, in almost 
every public or private space. The different light sources used today include: 
the incandescent light bulb, the halogen lamp, the fluorescent tube, inorganic 
Light Emitting Diodes (LEDs) etc. Even though the above light sources are the 
most used ones NQRZLQJ WRGD\¶VGHPDQGV IRU HQHUJ\ VDYLQJV there is place 
for the new arising technologies to develop a new more efficient light source. 
One of those new technologies is the Organic Light Emitting Diode (OLED) 
which is the subject of my investigation in this PhD thesis. 
OLEDs are thin film (micrometer scale) electroluminescent devices which are 
used as displays and illumination devices. They are already widely used as 
displays in portable devices such as mobile phones, cameras, portable 
multimedia players etc. Their application in illumination is still somewhat 
limited to artistic designer lamps. My main focus in the work presented here 
are the optical effects in OLEDs used as illumination devices.  
The OLED is made out of organic layers (of which at least one is luminescent) 
sandwiched between two electrodes (of which at least one is transparent) 
deposited on a substrate (typically made of glass). When a voltage is applied, 
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electrons and holes are injected in the device. When they reach the emitting 
layer (EML) they can form an exciton. An exciton is a pair of an electron in the 
excited state and a hole in the ground state. The exciton can decay radiatively 
and eventually generate a photon or non-radiatively meaning it loses its energy 
through intermediate states and dissipates it as heat. Part of the radiated 
electromagnetic radiation will be emitted in the substrate as photons and part 
will be trapped in the OLED (and eventually absorbed). The trapped radiation 
is due to the total internal reflection (TIR) which occurs because of the high 
refractive index of the organic materials of 1.8 compared to the refractive index 
of the substrate 1.5 and air 1. For the same reason there is light trapped in the 
substrate. These two effects are called the problem with light outcoupling in 
OLEDs. 
In my thesis I focus on the optical effects of exciton decay time change and 
light outcoupling. For these effects I have developed an optical model which 
allows a better understanding of these phenomena. Since they are directly 
related with the loss mechanisms in OLEDs, I use this optical model in 
estimating and improving the efficiency of these devices. Besides the 
developed model I also introduce the high index substrate as an approach for 
enhancing the light outcoupling from OLEDs. 
The core of the integrated model I developed is split up in two parts. The 
exciton decay time change (dependant on the optical environment) and OLED 
to substrate outcoupling are modelled with dipole antenna emission and 
coherent light including all interference effects in the thin film structure. The 
substrate to air outcoupling is modelled with incoherent light represented by 
Stokes parameters and its interaction with the interfaces through Mueller 
matrices, taking into account the multiple reflections in the substrate. Using the 
formulas of the integrated model I developed a simulation program which 
allows me to do a range of different calculations. This includes estimations of 
the external quantum efficiency, the spectral radiance, the luminous current 
efficacy, the colour coordinates of emitted light etc. The model is 
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experimentally verified through a series of experiments with phosphorescent 
OLEDs. Such a comparison of simulations and experiments allows me to 
estimate a range of other important parameters such as the charge balance in 
the OLED and the radiative efficiency of an emitting luminescent material. The 
simulation program also contains the Nelder-Mead simplex optimization 
algorithm which is used in case of a multilayer optimization. 
The change of the exciton decay time due to changes in the optical 
environment (OLED layer thicknesses and refractive indices of materials) is 
investigated thoroughly through simulations and experiments. The model is 
verified experimentally by measuring the decay times of phosphorescent 
emitters in different OLED layer structures. Furthermore I investigate in 
simulations how the distance metal electrodes from the EML influence the 
exciton decay time and I explain the main mechanism that responsible for these 
effects.  
In this thesis I study the high refractive index substrate as an approach to 
enhance the light outcoupling in both experiments and simulations. For the 
simulations I use a simplified model that neglects the effects of exciton decay 
time change and multiple reflections in the substrate. Even though the 
simplified model does not take all effects into account it gives fairly good 
results when compared with experiments. Using the results of the simulations 
we demonstrated a green OLED on a high refractive index substrate with 
exceptionally high luminous power efficacy of 183 lm/W and an external 
quantum efficiency of 42%. This is achieved using doped charge transporting 
layers and a p-i-n OLED structure. 
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 1 Introduction 
Looking back in history one can easily notice that mankind has always been 
fascinated by the appearance of light and light effects. Many millennia ago this 
fascination came from natural light sources such as the Sun, the stars, fire, 
lightning etc. Fire which originally was observed by people as only a natural 
phenomenon, was used for a long period of time as the main light source that 
RQHFRXOGQRWRQO\PDLQWDLQEXWDOVRUHSURGXFH)URPWRGD\¶VSHUVSHFWLYHWKH
use and importance of an artificial light source is indescribable. But it is only 
two centuries ago that people started using another light source than fire, 
thanks to the invention of electricity and the incandescent light bulb. The 
development of other light sources continued in the following period and led to 
the invention of the halogen lamp, the fluorescent tube, inorganic Light 
Emitting Diodes (LEDs) etc. One of the latest inventions in this field are the 
Organic Light Emitting Diodes (OLEDs) which show a great potential to 
outperform all other currently known light sources. 
This chapter starts by introducing luminescence and electroluminescence. Next 
is a short history on the invention of OLEDs, followed by an explanation on 
why they can be very important in their application as illumination devices and 
displays. In continuation, the chapter contains a description of the device 
structure and classification of OLEDs. Furthermore there is an introduction to 
the different effects and losses in these devices and the main problems studied 
in this work: outcoupling of light and exciton decay time change in OLEDs. 
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1.1  Luminescence 
In the environment we live in, one can often observe a weak cold glow (Figure 
1.1) coming from insects, mushrooms, fish, sea algae, microorganisms and 
finally polar lights. This interesting phenomenon called luminescence 
PHDQLQJ³ZHDNJORZ´LQ/DWLQattracted the attention of scientists during the 
last few centuries. In 1852 Stoke formulated the first law in the history of 
luminescence stating that the wavelength of the luminescence is greater than 
WKH ZDYHOHQJWK RI WKH H[FLWLQJ UDGLDWLRQ 7KH WHUP ³OXPLQHVFHQFH´ ZDV
introduced for the first time in literature by Wiedemann in 1888.  
 
Figure 1.1 ± Bioluminescence of sea algae. 
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During luminescence an electron is first excited into a higher energy state by 
receiving energy from different processes: optical, electrical, mechanical, bio-
chemical etc. When this excited electron goes through a relaxation process i.e. 
is transferred to a lower energy state, a photon is generated. Depending on the 
process that causes the excitation of an electron, luminescence is classified [1] 
in several types:  
 x photoluminescence: by light illumination. x electroluminescence: by electrical current or field.  x biochemical-luminescence: by biochemical processes. x mechanoluminescence: by a mechanical action on a solid. x thermoluminescence: by heating up a pre-irradiated material. x sonoluminescence: by imploding bubbles in a liquid when excited by 
sound.  x ionoluminescence: by bombardment of ionizing radiation.   
1.2 Electroluminescence 
As explained above, electroluminescence (EL) is radiation of light caused by 
an electrical effect. 7KH WHUP³HOHFWUROXPLQHVFHQFH´ LVXVHG LQFRQVLVWHQWO\E\
different authors and in the most general cases includes EL of solids, gas-
discharge, and cathodoluminescence. However in this work I narrow down the 
XVH RI ³HOHFWUROXPLQHVFHQFH´ RQO\ RQ OLJKW HPLVVLon from solid materials 
caused by an electrical current or field [2].  
Depending on the luminescent material used (inorganic or organic) or the basic 
mechanism that causes the electroluminescence one can categorize the 
different types of EL in the following main groups: 
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x inorganic electroluminescence [2] from: 
o polycrystalline films (e.g. phosphors) by applying an AC or DC 
electrical field;  
o powder by applying a DC field or current; 
o a semiconductor p-n junction i.e. a light emitting diode (LED) 
by a flow of DC current; x organic electroluminescence [3] from: 
o single-crystal structures by a DC current flow and 
recombination of holes and electrons in the bulk; 
o single-layer polycrystalline and amorphous structures by a DC 
current flow; 
o polymer single-layer LED, luminescent by a DC current flow; 
o multilayer LED running on DC current with more than one 
organic layer providing a better charge injection in one 
luminescent layer (e.g. small-molecule emitter). 
1.3 History of Organic Light Emitting Diodes 
(OLEDs) 
As explained above organic electroluminescence can arise from different 
materials and layer structures (LS) by an applied electric field or current. 
Organic Light Emitting Diodes (OLEDs) are DC electroluminescent devices 
made by one or more organic layers sandwiched between two electrodes of 
which at least one is transparent. The basic structure of an OLED as we know it 
today was developed in the research labs of Eastman Kodak Company by C. 
W. Tang and S. A. VanSlyke [4] in 1987. 7KLVGHYLFHPDGHDW.RGDN¶V ODEV
was operating on a low DC voltage below 10V achieving an external quantum 
efficiency (EQE) of 1%. The structure of this green OLED is shown in Figure 
1.2. On a glass substrate covered with indium tin oxide (ITO) used as a 
transparent anode, Tang and VanSlyke deposited a 75nm thick aromatic 
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diamine that worked as a hole-transporting layer (HTL). On top of this they 
deposited a 60nm thick small-molecule green emitter Tris(8-
hydroxyquinolinato) aluminum (widely known by the abbreviation Alq3) that 
also works as an electron-transporting layer (ETL). As a reflecting cathode 
they used a mixture of magnesium (Mg) and silver (Ag).  
 
Figure 1.2 a) The first low voltage green OLED developed by Chang and 
VanSlyke. b) Structure of the emitting small molecule Tris(8-
hydroxyquinolinato)aluminum also known as Alq3. 
Just a few years later in 1990, J. H. Burroughes et al. [5] demonstrated a new 
type of electroluminescent device i.e. the polymer OLED. These devices 
contain a polymer organic semiconductor layer sandwiched between a 
transparent ITO anode and a reflecting Al cathode. The working principle of a 
polymer OLED compared to a small-molecule OLED described before is 
somewhat different. In the work presented in this thesis I only consider small-
molecule OLEDs. Therefore in the following chapters by using the 
abbreviation ³2/('´I refer to a small-molecule OLED.  
The research and development (R&D) of small-molecule OLEDs continued in 
the following two decades. A significant part of the R&D in this field was 
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dedicated on improving the efficiency of the devices. A range of inventions 
contributed in making the necessary steps towards achieving this goal, such as: 
development of OLEDs with phosphorescent red [6] and green [7] emitting 
materials, OLEDs with doped charge transport layers [8], OLEDs with a p-i-n 
junction [9], etc.  
The work of a large number of researchers and scientists during the ongoing 
development period of OLEDs, provides solutions to a range of other issues 
besides the efficiency such as: device lifetime, fabrication of large area 
OLEDs, high fabrication costs etc. The invention of the first white OLED [10] 
also dramatically improved the application potential of these devices. All of 
this work results in the OLED applications we know today and their huge 
potential for applications in the future. 
1.4 Application of OLEDs 
Organic light emitting devices are already commercially available as flat panel 
displays and illumination devices (lamps). The great potential of applying 
OLEDs in these two areas is based on their specific characteristics and 
performance. Compared to present displays and illumination devices they can 
have higher efficiency, and can be made flexible, transparent, and on large 
area.   
1.4.1 OLEDs for displays 
OLED displays are already available on the market in TVs and in flat panel 
screens for portable devices (Figure 1.3). One of the big potentials of OLED 
displays is that they can be more efficient than the wide-spread Liquid Crystal 
Displays (LCDs), and can be made transparent, flexible, and thinner and lighter 
than any other display. Furthermore OLED displays can have a better viewing 
angle, better contrast and are made by more environment-friendly materials 
compared to LCDs.   
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Figure 1.3 a) The first commercial OLED TV made by Sony. b) 
Smartphone with an OLED display made by Samsung. 
1.4.2 OLEDs for illumination devices 
$ VLJQLILFDQW SDUW RI WKH ZRUOG¶V HQHUJ\ FRQVXPSWLRQ is used for lighting of 
residential, commercial, or public buildings and outdoor areas. Over 20% of 
the total electrical energy produced in the world today is used for lighting [11]. 
As a consequence, the energy used for lighting has an enormous contribution in 
the emission of greenhouse gasses. The emission of these gasses has a huge 
impact on the environment of our planet. The most evident consequence that 
we witness is the change of the world¶V climate in the last few decades, which 
affects all living beings and is the reason for the extinction of a large number of 
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species. It is thus very important to develop an artificial light source that has an 
energy efficiency which is as high as possible. 
The most widely used (but not very efficient) light source today is the 
incandescent light bulb. The main reason for its inefficiency is the fact that a 
big part of the electrical energy flowing through the filament is converted into 
heat. This leads to a very low luminous power efficacy (ratio between emitted 
luminous flux and input power) of about 14 lm/W [11].  
The usage of other lamps with a higher luminous power efficacy such as: the 
standard halogen lamp, the white inorganic light emitting diodes (LED), the 
fluorescent lamp and the compact fluorescent lamp, is increasing every day. As 
shown in Table 1.1, all of these lamps have a higher efficacy than the 
incandescent light bulb. Currently the most efficient commercially available 
illumination device is the fluorescent lamp with a luminous power efficacy of 
90 lm/W.  The inorganic white LED is also a very efficient lamp, whose 
efficacy is increasing continuously. 
 
Illumination device Luminous power 
efficacy Lifetime 
Incandescent light bulb 14 lm/W 1 000 h 
Standard halogen 18 lm/W 2 000 h 
White LED >70 lm/W 70 000 h 
Fluorescent 90 lm/W 16 000 h 
Compact fluorescent 57 lm/W 12 000 h 
Table 1.1 Luminous power efficacy and lifetime of commercial 
illumination devices [11]. 
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The above mentioned illumination devices have certain advantages and 
disadvantages. Some of them (incandescent light bulb and standard halogen 
lamp) have a rather low luminous power efficacy and a short lifetime compared 
to the other lamps. Others like the fluorescent and compact fluorescent lamp 
have rather high luminous efficacy, however the spectrum of the emitted light 
is quite different from the spectrum of natural light and is often not pleasant for 
human vision. The white LEDs show good performance when looking at the 
luminous power efficacy and device lifetime. Nevertheless due to the 
technological limitations, white LEDs can only be made on very small areas 
and are considered as a point source. All the devices mentioned in Table 1.1 
are limited in their shape and the materials used in most of them are not fully 
recyclable which can have a negative impact on the environment. 
 
Company/Intitution Year Luminous power efficacy Device lifetime 
Novaled/Philips 2006 32 lm/W 20 000 h 
Konica-Minolta 2006 64 lm/W 10 000 h 
The OLLA-Project 2007 25 lm/W 5 000 h 
Idemitsu Kosan 2007 17 lm/W 30 000 h 
Osram 2008 46 lm/W 5 000 h 
Novaled 2008 35 lm/W 100 000 h 
The OLLA-Project 2008 51 lm/W > 10 000 h 
TU Dresden 2009 90 lm/W < 2 h 
Table 1.2 White OLEDs with reported luminous power efficacy and 
device lifetime recently demonstrated by different companies and 
institutions.  
Due to the disadvantages of the commercial lamps mentioned above, OLEDs 
have a great potential of becoming the lamp of the future. Looking at the 
luminous power efficacy in lab conditions, white OLEDs can already perform 
as good as the fluorescent light tube, as demonstrated by S. Reineke et al. [12] 
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from the Technical University of Dresden. In the past few years a range of 
other white OLEDs with significant performance of luminous power efficacy 
and device lifetime where demonstrated by different companies and research 
institutions [11] (Table 1.2). From these results one can see that besides the 
luminous power efficacy, the device lifetime of OLEDs is also very 
competitive and even better than most of the commercial lamps given in Table 
1.1. Furthermore OLEDs can be made on large area, transparent or even 
flexible (Figure 1.4). These properties of the OLEDs dramatically increase 
their potential application as illumination devices beyond the application of 
previously known lamps. Such examples are: windows that can be luminescent, 
safety jackets with illumination surfaces, and so forth. 
 
Figure 1.4 a) 15x15 cm2 white OLED demonstrated by the OLLA-Project; 
b) Flexible white OLED demonstrated by AGFA-Gevaert NV, IMEC, Holst 
Centre, Philips research and TNO. 
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Figure 1.5 Layer structure of Bottom (a) and Top (b) emission OLEDs. 
Organic layers in the OLEDs: electron-transporting layer (ETL), hole-
blocking layer (HBL), emitting layer (EML), electron-blocking layer (EBL) 
and hole-transporting layer (HTL). The layers can be positively (p) or 
negatively doped (n) or not doped and have an intrinsic (i) conductivity.  
Organic light emitting diodes are made of organic layers from which at least 
one is luminescent. These layers are sandwiched between two electrodes (a 
cathode and an anode) of which at least one is transparent. Depending through 
which electrode light is emitted, i.e. the anode or the cathode, typically OLEDs 
are classified in two groups: Bottom emission and Top emission OLEDs 
correspondingly (Figure 1.5). Bottom emission OLEDs use a transparent anode 
commonly made from Indium tin oxide (ITO), while the cathode is a 
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nontransparent reflecting metal layer usually made from silver (Ag) or 
aluminum (Al). In the case of Top emission OLED both electrodes are made of 
metals like Ag or Al, but light is emitted only through the cathode which is 
very thin and semi-transparent. The total thickness of all layers (organic and 
electrodes) is in the order of a micrometer. 
The most common OLED structure used today is based on doped charge 
transporting layers [8] and a p-i-n junction [9]. Single emitting layer OLEDs, 
bottom or top emission; typically contain five organic layers (Figure 1.5) each 
with a specific role. The OLEDs contain two charge transporting layers: the 
electron-transporting layer (ETL) and the hole-transporting layer (HTL), two 
charge-blocking layers: the hole-blocking layer (HBL) and the electron-
blocking layer (EBL), and one luminescent layer i.e. the emitting layer (EML).  
When voltages are applied at the electrodes, electrons and hole are injected 
from the cathode and the anode in the ETL and HTL correspondingly. The role 
of the ETL and HTL is to transport the elementary charges towards the 
recombination zone namely the EML. Both layers are negatively (n) or 
positively (p) doped respectively. The doping of ETL and HTL improves the 
injection of elementary charges from the electrodes and improves the 
conductivity of both layers [8, 9]. This leads to an improvement in the 
efficiency of the device. The charge blocking layers with intrinsic (i) 
conductivity (HBL and EBL) limit the recombination of electrons and holes to 
the emitting layer (EML). This is very useful for obtaining a high efficiency 
since additional losses like exciton quenching are introduced [9] if the 
recombination spreads to the doped ETL and HTL. The emitting layer (EML) 
is made from a luminescent small organic molecule which can be either 
fluorescent or phosphorescent.   
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1.6 Effects and losses in OLEDs 
In this section two effects in organic light emitting devices, namely exciton 
decay time change and light outcoupling, are introduced. They and their 
relation with the other effects and loss mechanisms in OLEDs are considered in 
more details in the following chapters. 
 
Figure 1.6 Example of an energy diagram of an OLED showing the 
Highest Occupied Molecular Orbital (HOMO), the Lowest Unoccupied 
Molecular Orbital (LUMO), the movement of electrons (-) and holes (+) 
and their recombination that gives a photon. 
As explained in the previous section 1.5, when a voltage is applied between the 
electrodes of the OLED, electrons and holes are injected in the ETL and HTL 
respectively. The materials used in the OLEDs are organic semiconductors. In 
these materials electrons are transported through an excited energy state in the 
Lowest Unoccupied Molecular Orbital (LUMO) and holes through an energy 
state in the Highest Occupied Molecular Orbital (HOMO). A simplified sketch 
of the energy diagram of an p-i-n OLED based on reference [13] is shown in 
Figure 1.6. During the injection of charges in the organic layers and their 
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transport towards the EML, there are loss mechanisms of electrical origin 
which go beyond the scope of this thesis. Once the electrons and holes meet in 
the emitting layer they can form an exciton which decays and in this process a 
photon can be generated. 
1.6.1 Exciton decay time change 
When electrons and holes meet in the EML they form an electron-hole pair 
called an exciton. A decay of an exciton can go through different paths. One of 
the possible ways is that it decays into a photon with the same energy as the 
energy difference between the LUMO and the HOMO of the EML. Another 
possible way is that it decays through intermediate states not generating a 
photon and dissipating the energy as heat. Due to these decay processes the 
number of excitons is changing in time. If one applies a very short voltage 
pulse to the OLED, then the number of excitons will decrease in time until all 
excitons have decayed. The time needed for the number of excitons to reduce 
by a factor e § (XOHU¶VQXPEHULVcalled the exciton decay time (W). In 
the case of phosphorescent emitters the exciton decay time is in the order of a 
microsecond [13]. 
Since the OLED is a layer structure (LS) with thickness in the order of the 
wavelength of visible light, the generated light inside the OLED undergoes 
interference effects. These interference effects will depend on the optical 
environment defined by the thicknesses of the layers and the complex 
refractive indices of the used materials. Because of these interference effects, 
the exciton decay time of the same emitting layer will change from one LS to 
another LS depending on the optical environment. The exciton decay time 
changes together with the fraction of excitons that decays by photon 
generation. Therefore this effect in OLEDs will cause a change in the 
efficiency of the device. The change of the exciton decay time is equivalent to 
the effect of decay time change of excited species (first reported by Drexhage 
et al. [14]) also known as the Purcell effect [15]. How to model this effect and 
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combine it with the other loss mechanisms in OLEDs is discussed in more 
detail in the following chapters. 
1.6.2 Light outcoupling from OLEDs 
Light in OLEDs is generated in organic materials that have a refractive index 
of norganic ൎ 1.8, which is much higher compared to the refractive index of air 
(nair ൎ 1) that surrounds the device. Whenever light is generated in a high 
refractive index medium, there is the problem to outcouple it into a lower 
refractive index medium. The most convenient way to explain this problem is 
by using geometrical (ray) optics and 6QHOO¶VODZ 
 
Figure 1.7 a) Refraction of incident light ray from a medium with a higher 
refractive index (n1) into a medium with a lower refractive index (n2); b) 
Incident angle of the ray (T1) is equal to the critical angle of total internal 
reflection (Tc); c) Incident angle of the ray (T1) is higher than the critical 
angle of total internal reflection (Tc). 
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When an incident ray from a medium with refractive index n1 encounters a 
boundary with another medium (refractive index n2) under an incident angle T 1 
(Figure 1.7a) the ray is refracted under an angle T2 aFFRUGLQJWR6QHOO¶VODZ 
 1 1 2 2sin sinn nT T  (1.1) 
From (1.1) it is clear that if 1 2n n!  then 2 1T T! . Therefore for a certain critical 
value of the incident angle 1 cT T , the angle of refraction will become 
2 2T S , which means that the refracted ray is ³sliding´ along the boundary 
between the two media (Figure 1.7b). This critical angle is called the angle of 
total internal reflection (TIR) and it is calculated as:  
 
2
1
arcsin( )c
n
n
T  
 (1.2) 
For all incident angles higher than the critical angle ( 1 cT T! ), the light ray goes 
through total internal reflection (Figure 1.7c), meaning that it is reflected back 
into the incident medium under the same angle as the incident angle 1T .  
Let us now have a look at a simplified Bottom emission OLED optical 
structure as shown in Figure 1.8. In this figure the cathode is represented by a 
perfect mirror (reflecting all the light), the anode and all organic layers have 
the same refractive index norganic = 1.8 and the substrate has a refractive index 
as the one of regular glass (nsubstrate = 1.5). Furthermore it is assumed that the 
light emission from the organic layer is isotropic (constant intensity in all 
GLUHFWLRQV%\MXVWXVLQJJHRPHWULFDORSWLFVDQG6QHOO¶VODZRQHFDQVHHWKDW
part of the light generated in the organic layers will be emitted into air 
(ൎ16.8%), part of the light will go through total internal reflection at the 
substrate-air interface and it will be trapped in the substrate (ൎ28%) and the 
last part will go through total internal reflection at the organic-substrate 
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interface and will be trapped in the organic layers (ൎ 55.2%). From this 
simplified explanation one can see that a significant part of the generated light 
(55.2% + 28% = 83.2%) will not be able to escape from the device, and only 
16.8% will be outcoupled as useful light into air. For this reason the problem of 
light outcoupling from OLEDs is a significant loss mechanism that needs to be 
understood, properly modeled and solved in order to increase the efficiency of 
these devices. 
 
Figure 1.8 A simplified optical structure of a Bottom emission OLED 
representing the metal cathode as a perfect mirror and assuming that the 
anode has the same refractive index as the organic layers. Using only 
geometrical optics and assuming isotropic distribution of generated light, 
an estimation is given of how much light will be outcoupled into air, and 
how much will be trapped in the organic layers or the substrate. 
  
In reality, OLEDs can be considered as one-dimensional structures since the 
thickness of the organic layers (~1Pm) is much smaller than the area of the 
device. Because of this and because of the presence of absorption in the metal 
18 1 Introduction 
 
cathode, the light trapped in the organic layers will be eventually absorbed. On 
the other hand, part of the light trapped in the substrate (thickness ~ 1mm) will 
be emitted at the edges.  
Geometrical optics is not the proper way to model light emission from OLEDs 
and it is used in this section only as a simple explanation for the problem of 
light outcoupling. A proper explanation on how one needs to model the light 
emission from such thin-film layer structures (including interference effects, 
absorption, partial reflections etc.) is given in the following chapters. The light 
outcopling problem and possible solutions are investigated in this thesis only 
for Bottom emission OLEDs. 
1.7 Overview 
In Chapter 2 of this work I present the theory and the model used for 
simulating light emission from OLEDs. Using the model of an electrical dipole 
antenna, one can simulate the change in the exciton decay time and also the 
outcoupling of light from the OLED into the substrate. Also explained is the 
approach based on Mueller matrices and Stokes parameters for light 
outcoupling from the substrate into air. In parallel I introduce the definitions of 
radiative and outcoupling efficiencies related to the above mentioned effects. It 
ends with explaining the integrated model which includes: the exciton decay 
time change, and both OLED to substrate and substrate to air light outcoupling.  
Chapter 3 describes how one can do optical simulations using the models from 
the previous chapter. It is explained how besides the efficiencies defined in 
Chapter 2, one can also simulate photometric quantities such as: spectral 
radiance, luminous current efficacy, color coordinates etc. This is followed by 
a simulation example of optimizing layer thicknesses in OLEDs in order to 
maximize the efficiency. In the case of multi-layer OLED structures an 
implementation of the Nelder-Mead optimization algorithm is demonstrated. 
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At the end this chapter one can find an explanation on how to model and 
simulate light emission from a white OLED.   
Possible solutions for the problem of light outcoupling from OLEDs are 
outlined in Chapter 4. The main focus is given on the high index substrate 
approach. This solution for light outcoupling is studied in detail in both, 
simulations and experiments. This detailed analysis leads to a demonstration of 
a green OLED with a very high efficiency. 
Chapter 5 provides the experimental verification of the exciton decay time 
change model. For this purpose, measurements of exciton decay time are 
performed on OLEDs with phosphorescent emitters. Following is the detailed 
analysis in simulations on the exciton decay time change in both Bottom and 
Top emission OLEDs. 
The experimental verification of the integrated model is given in Chapter 6. 
This includes comparison of measurements and simulations of a range of 
quantities such as: exciton decay time change, external quantum efficiency, 
luminous current efficacy, spectral radiance etc. for OLEDs with an Ir-based 
small molecule emitter. The very good match between experiments and 
simulations show the great potential of the integrated model in estimating the 
different effects and loss mechanisms in OLEDs. 
The last Chapter 7 gives a summary of all conclusions based on the results 
presented in this thesis. Furthermore it gives an overview of future work that 
can be done in order to properly model OLEDs with even more sophisticated 
optical structures. 
 
  
 2 Theory and optical model 
This chapter introduces the basics of the optical model and the theory used in 
the rest of this thesis. First it shows how the optical effects in the OLED 
(exciton decay time change and OLED to substrate outcoupling) need to be 
modeled using coherent light and dipole antenna emission. Following is the 
substrate to air outcoupling which needs to be modeled using incoherent light 
and the Muller matrix approach based on Stokes parameters. Furthermore the 
chapter describes the integrated model which includes all above mentioned 
effects. The last section of the chapter presents a simplified optical model used 
when intensive calculations are needed.  
2.1 Coherent and incoherent light 
The OLED is a thin film layer structure with a thickness in the order of the 
wavelength of visible light (~1Pm) deposited on a thick substrate (thickness ~ 
1mm). Due to this big difference in the thicknesses of the OLED and the 
substrate, the optical effects present in these two parts need to be modeled in a 
different way (Figure 2.1). The optical effects in the OLED and light emission 
from the OLED in the substrate are modeled using coherent light. The main 
reason for this is that the generated light can undergo interference effects in the 
thin film layers structure due to partial or total internal reflection. The 
interference effects will have a strong influence on the light generation in the 
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OLED and on the light emission from the OLED into the substrate. For these 
reasons two optical effects need to be modeled using coherent light: the exciton 
decay time change (related to the generation of light) and the light outcoupling 
from the OLED into the substrate. For describing these effects, the model of a 
dipole antenna is used (section 2.2). The light in the substrate loses the 
coherence with the source due to its large thickness. For that reason one needs 
to model the substrate to air emission using Mueller matrices and Stokes 
parameters. 
   
Figure 2.1 Simplified optical structure of an OLED deposited on a 
substrate. The effects in the OLED are modeled by coherent light and 
dipole antennas. The effects in the substrate are modeled using 
incoherent light. Pair,sub (Tair,sub,O) are the powers per unit solid angle in air 
or in the substrate calculated by the models in the following sections. 
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2.2 Dipole antenna model 
The optical effects in the OLED: exciton decay time change and OLED to 
substrate light outcoupling, are modeled by considering the emission of an 
ensemble of incoherent electrical dipole antennas with random orientation [16, 
17]. The dipole antenna model started being developed by Chance [18] and 
was extended by Lukosz [19-22]. It is assumed that the OLED is a one-
dimensional layer structure since its lateral dimensions (>1mm) are much 
larger than its thickness (~1Pm). The emission of the dipole antenna is 
decomposed in plane and evanescent coherent waves with a transverse electric 
(TE) and transverse magnetic (TM) polarization. The model takes into account 
wide-angle and multiple-beam interference determined by partial reflection, 
total internal reflection and absorption. It is assumed that the emitting layer in 
the OLED is non-absorbing, which is often the case for the wavelength region 
in which the emission occurs. Everything outside of the OLED thin film layer 
structure is considered as a half-infinite medium.   
Since the OLED layer structure has cylindrical symmetry i.e. no dependency 
on the azimuth, the radiation from the perpendicular (٣) and parallel (צ) 
component of the dipoles (Figure 2.2) can be separated. The monochromatic 
radiation from the dipole antenna is written as a superposition of plane and 
evanescent waves with a wave vector 2i ik nS O  in the corresponding layer 
(medium) with an index i (Figure 2.2). The projection of the wave vector on 
the plane of the layer structure N LV FRQVHUYHG DFFRUGLQJ WR 6QHOO¶V ODZ DQG
what changes is its projection on the z-axis 2 2
,
( )z i ik k N  . For ikN  , the 
waves are plane because 
,z ik  has a real value. In the case of ikN !  the wave 
are evanescent as 
,z ik  has a complex value which leads to an amplitude 
decrease of the waves along the z-axis.  
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Figure 2.2 Illustration of the dipole antenna model: orthogonal (A ) and 
parallel dipoles in the emitting layer with refractive index en ; Fresnel 
amplitude reflection coefficients 
max,e ir and min,e ir ; the wave vector ik  
with its projection on the layer structure N  (spatial frequency) and on the 
z-axis 
,z ik  in the layer with refractive index in . The outermost media with 
refractive indices 
maxin  and minin  are half-infinite. 
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2.3 Exciton decay time and radiative efficiency 
In the introduction chapter I explained that injected electrons and holes in the 
OLED meet in the emitting layer (EML) and can form an exciton. Depending 
on the emitting organic material the exciton will have a certain decay time Wand a decay rate * = 1/W. However since the OLED is a thin-film layer 
structure with thicknesses of the order of the wavelength of light, there will be 
interference effects which will cause a change in the exciton decay time and in 
the decay rate [23-28]. Namely the exciton decay time will depend on the 
optical environment which in this case is defined by the layer thicknesses and 
the complex refractive indices of the materials used in the OLED. To explain 
the exciton decay time change we use the model of electrical dipole antennas 
with random orientation described in the previous section 2.2. 
In the work presented here I focus on OLEDs with phosphorescent emitters. 
The EML in such systems is made from a phosphorescent emitter as a guest 
molecule in a host material. In such guest-host emitting systems the exciton is 
formed by an electron in the triplet state in the LUMO level of the guest 
molecule and a hole in the HOMO level. In my model I assume that the 
excitons can decay through two channels: a radiative one by electromagnetic 
radiation (influenced by the optical environment) and a non-radiative one when 
the energy of the exction is dissipated as heat through intermediate states 
(independent on the optical environment). It is assumed that the probability for 
radiative decay of an exciton is proportional to the total generated power by a 
dipole antenna ensemble. 
Whether an exciton will follow the radiative or the non-radiative decay channel 
depends on the probability of the two processes, namely their decay rates *r 
and *nr. In the case of an infinite homogeneous medium with the same 
refractive index as the emitting layer (EML), the number of excitons in the 
triplet state Nexc(t) decays in time according to: 
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exc
r,0 nr,0 exc
d ( ) ( ) ( )
d
N t N t
t
  * *  (2.4) 
where *r,0 and *nr,0 are the radiative and non-radiative decay rates in an infinite 
medium correspondingly. The solution of the above differential equation gives 
a mono-exponential decay: 
 exc exc r,0 nr,0 exc 0( ) (0)exp( ( ) ) (0)exp( )N t N t N t Ĳ  * *    (2.5) 
with Nexc(0) the number of excitons at the moment t = 0, and W0 the exciton 
decay time (i.e. inverse of the total decay rate *0) in an infinite homogeneous 
medium:  
 0 r,0 nr,0
0
1W  *  * *  (2.6) 
Having in mind the radiative and non-radiative decay rates, one can define the 
radiative efficiency in an infinite medium for a specific emitter: 
 
r,0
rad,0
r,0 nr,0
K * * *  (2.7) 
which gives the fraction of all excitons that decay radiatively. 
When the EML is embedded in a thin-film layer structure like the OLED, *r,0 
is modified by a factor F due to the modified optical environment. Therefore 
the equations (2.4), (2.5), (2.6) and (2.7) for an EML in an OLED can be 
written in an equivalent way: 
 
exc
r,0 nr,0 exc
d ( ) ( ) ( )
d
N t F N t
t
  * *  (2.8) 
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 exc exc r,0 nr,0 exc( ) (0)exp( ( ) ) (0)exp( )N t N F t N t Ĳ  * *    (2.9) 
 r,0 nr,0
1 FW  *  * *  (2.10) 
 
r,0
rad
r,0 nr,0
F
F
K * * *  (2.11) 
where W, * and Krad are the exciton decay time, the exciton decay rate and the 
radiative efficiency in an OLED. The modification factor F is the total power 
generated by the dipole antenna ensemble, divided by the power generated by 
the same ensemble in an infinite homogeneous medium. Hence if the dipole 
antennas are placed in an infinite homogeneous medium F = 1 and equations 
(2.8), (2.9) and (2.10) become identical with equations (2.4), (2.5) and (2.6). 
The model assumes that the width of the emission spectrum is due to a 
homogeneous broadening of the triplet state of the emitting molecule. This 
means that the radiative decay of an exciton is described by an ensemble of 
electrical dipole antennas with random orientation, each of them with a certain 
spectral distribution i.e. density. The dipole antennas should have a random 
orientation due to the random orientation of the small phosphorescent 
molecules and the exciton hopping among the molecules. When exciton 
hopping is sufficiently important, the exciton spends time at different sites and 
the decay probability becomes an average over the decay probabilities of the 
different sites. All excitons have then the same decay probability (even if the 
decay probability may be different on different guest molecules) and the same 
value of F , which leads to a pure exponential decay. A pure exponential decay 
for excitons formed on phosphorescent emitters has been reported by Reineke 
et al. [13] for low excitation levels, or for the long living part of the decay 
signal at high excitation levels. 
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In the case of homogeneous broadening and a given intrinsic normalized 
spectral density S0(O) measured in a infinite medium 00 ( ) 1S dO Of  ³ , the factor 
F that determines the change in the radiative decay is obtained by weighing the 
dipole emission with the spectral density: 
 
2
0
0 0
( )d ( , )dEMLF S KO O N O Nf f ³ ³  (2.12) 
In the formula above 
, ,
( , ) ( , ) ( , )EML EML EMLK K KN O N O N O    where ,EMLK   
and 
,EMLK   are the power densities per interval 2d 2 dN N N  through a plane in 
the emitting layer (EML) in the positive and negative direction of the z-axis 
(Figure 2.2), emitted by an ensemble of randomly oriented dipole antennas 
placed in the middle of the EML (see equations (2.1), (2.2) and (2.3)). The 
parameter N is the spatial frequency of the plane and evanescent waves in the 
EML as explained in section 2.2. The integral in equation (2.12) is calculated 
with trapezoidal numerical integration using a dense enough integration grid 
for integrating ( , )EMLK N O  and a large enough value of Nfor the upper limit.  
The total generated power F includes the power of the antenna ensemble 
coupled in both plane and evanescent waves. Even though evanescent waves 
are a pure loss, here they are considered as part of the probability for radiative 
decay since the power they carry depends on the optical environment.  
2.4 OLED to substrate outcoupling 
As mentioned in the introduction paragraph of this chapter, the OLED to 
substrate emission is modeled using an ensemble of electrical dipole antennas 
with random orientation and coherent light (section 2.2). The main reason for 
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this is that the emission comes from a thin film layer structure (the OLED) with 
thicknesses in the order of the wavelength of visible light.  
The OLED to substrate outcoupling efficiency is defined as: 
 
,
sub
OLED sub
I
F
K   (2.13) 
where F is the total generated power by the antenna ensemble calculated by 
equation (2.12) and: 
 
2
2
0
0 0
( )d ( , )d
subn
sub subI S K
SOO O N O Nf ³ ³  (2.14) 
gives the total power emitted in the substrate with refractive index subn , where 
subK  is the power density (eq. (2.1), (2.2), and (2.3)) per interval 2d 2 dN N N  
through a plane in the substrate emitted by an ensemble of randomly oriented 
dipole antennas placed in the middle of the EML. The parameter N  is the 
projection of the spatial frequency (the wave vector) of the plane wave, on the 
plane parallel to the layer structure. Namely, in the substrate 2 sinsub sub
nSN TO  
and it can obtain values in the range 20 subsub
nSN O  . Having this in mind, 
one can replace subK  by a power density per unit solid angle ( sub: ) in the 
substrate [16] ( , )sub subP T O  which depends only on the inclination angle subT , 
and not on the azimuth angle subM  due to the rotational symmetry of the layer 
structure. The relation between the two power densities can be derived from 
the integrals:  
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2
2
0 2
( , )d ( , )
subn
sub sub sub subK P d
SO
SN O N T O :³ ³³  (2.15) 
and is given by: 
 
2
2
4( , ) cos ( , )subsub sub sub sub
nP KST O T N OO   (2.16) 
From the two equations above and equation (2.14) follows that the total power 
emitted in the substrate can be calculated as: 
 
0
0 2
0
0 0
( )d ( , )
2 ( )d ( , )sin
sub sub sub sub
sub sub sub sub
I S P d
S P d
S S
O O T O
S O O T O T T
f
f
 :
 
³ ³³
³ ³  (2.17) 
Using the equations (2.13), (2.12) and (2.17) one can calculate the outcoupling 
efficiency from the OLED into the substrate 
,OLED subK . 
2.5 Substrate to air outcoupling 
The light outcoupled from the substrate into air should be modelled 
incoherently because of the large substrate thickness (millimeter) compared to 
the wavelength of visible light (micrometer). The proper approach for 
modelling incoherent monochrome light is by using Stokes parameters (these 
contain information about the polarization and coherence of the wave) and the 
interaction between the incident wave and the optical system is determined by 
a Mueller-matrix. Even though in the case of planar OLEDs there is no mixing 
between light with different polarization, here I use the approach with Stokes 
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parameters and Mueller matrices because it can be applied in a more general 
case of a non-planar substrate where there is mixing between different 
polarizations. The potential for applying this model on structured substrates is 
outlined in the last chapter in section 7.2. 
In general the light that is emitted by an ensemble of incoherent randomly 
oriented dipole antennas is partially polarized and has two incoherent polarized 
components (TM and TE) as explained in the previous sections. Therefore the 
Stokes parameters for such a beam (S) is a sum of two incoherent beams [29] 
one with TM (STM) and the other with TE polarization (STE) with corresponding 
intensities PTM and PTE where P stands for the power per unit solid angle: 
 
;   ;     
0 0 0
0 0 0
TM TE TM TE
TM TE TM TE
TM TE TM TE
P P P P
P P P PS S S S S
§ · § · § ·¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸      ¨ ¸ ¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹
 (2.18) 
 
 
Figure 2.3 Multiple reflection in the substrate with planar interfaces. The 
vectors D and U contain the Stokes parameters for beams in all 
GLUHFWLRQV JRLQJ ³'RZQ´ RU ³Up´ LQ LWHUDWLRQ i. The square matrices M 
contain the reflection (R) or transmission (T) Mueller-matrices at an 
interface for all directions. 
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For the substrate/OLED interface I am interested in the Mueller-reflection 
matrix for every inclination angle. The reflection matrix for the substrate/air 
interface is also written in an equivalent way. The Jones matrix (J) as a 
function of Tis given by: 
 
,
,
,
( ) 0( )
0 ( )
TM
OLED air subR
OLED air sub TE
OLED air sub
r
J
r
TT T§ · ¨ ¸¨ ¸© ¹  (2.25) 
where )(,
, substrate
TETM
airOLEDr T  are the complex Fresnel reflection coefficients for 
both interfaces calculated according to reference [16]. 
In the case of the transmission matrix at the substrate/air interface one needs to 
normalize the complex Fresnel transmission coefficients TETMairt
,
 of ref. [16] to 
correspond to the definition of the Jones matrix (and energy conservation). 
Therefore the Jones transmission matrix is written as: 
 
,
,
,
,
( ) 0
1
( )
0 ( )
z airTM sub
air sub
z subT
air sub
z airTE
air sub
z sub
kn
t
k
J
k
t
k
TT T
§ ·¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸© ¹
 (2.26) 
where 1 is the refractive index of air and kz is the projection of the wave vector 
on the z - axis (Figure 2.3) in air or in the substrate. 
Using formulas (2.22) - (2.26) one can calculate the Mueller matrices in all 
directions for both interfaces and use them to find the reflection and 
transmission matrices TRairM
,
 and ROLEDM  defined in equation (2.21). 
In the following paragraphs I derive the formulas for light outcoupled from 
substrate into air after multiple reflections. In the first iteration i = 1 light is 
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emitted from the OLED in the substrate 1subD  (see equation (2.20)), then part 
of it is reflected back into the substrate 1subU  and part is transmitted into air 
1
airD  at the substrate/air interface (Figure 2.3): 
 
1
1 1
1 1
 = light emitted from the OLED
                                ,  = 1
sub
R
sub air sub
T
air air sub
D
U M D i
D M D
   (2.27) 
Each of the three matrix equations above actually consists of 4jmax equations. In 
the same logic one can write down the beam vectors in the second iteration (i = 
2): 
 
2 1 1
2 2 1
2 2 1
     ,  = 2
R R R
sub OLED sub OLED air sub
R R R R
sub air sub air OLED air sub
T T R R
air air sub air OLED air sub
D M U M M D
U M D M M M D i
D M D M M M D
       (2.28) 
Following the pattern from the first two iterations one can easily derive the 
expressions for the beam vectors in iteration i: 
 
1 1
1 1
1 1
( )
( )
( )
i R R i
sub OLED air sub
i R R R i
sub air OLED air sub
i T R R i
air air OLED air sub
D M M D
U M M M D
D M M M D



    (2.29) 
In general there are an infinite number of iterations meaning i  «EHFDXVH
there are an infinite number of reflections in the substrate. Therefore to 
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accurately calculate the total light that is outcoupled into air one needs to sum 
up the contributions from all iterations: 
 
1 1
1 1
( )total i T R R iair air air OLED air sub
i i
D D M M M D
f f 
    ¦ ¦  (2.30) 
The above equation contains an infinite geometrical matrix series (Neumann 
VHULHV ZLWK D ³FRPPRQ UDWLR´ RairROLEDMM . If the absolute value of all 
eigenvalues of Rair
R
OLEDMM  is smaller than 1, the Neumann series converges 
[30]. Therefore the previous equation can be written as: 
 
1 1( )total T R Rair air OLED air subD M I M M D   (2.31) 
where I is the identity (unit) matrix. For the matrix )( RairROLEDMMI   to be 
invertible a necessary condition is that 0)det( z RairROLEDMMI . Both of these 
conditions are fulfilled for the planar interfaces of the substrate. 
The beam vector totalairD  contains the Stokes parameters for the beams emitted 
in all directions in air after all multiple reflections in the substrate. For planar 
layers, the beams emitted in different directions in glass never mix and the 
inversion of the large matrix reduces to a series of inversion of 4x4 matrices. 
 
From the Stokes parameters one can easily calculate the intensities of the 
beams emitted in different directions. These intensities TETM duncorrecteairP
,
,
 are powers 
per unit substrate solid angle. Since light will go from substrate into air, a 
correction is needed for the unit solid angle: 
 
, ,
,
( ) ( )TM TE TM TEair uncorrected sub sub air air airP d P dT T:  :  (2.32) 
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From the above equation I find the power per unit solid angle in air including 
all multiple reflections in the substrate: 
 
, ,
,2
cos1( ) ( )
cos
TM TE TM TEair
air air air uncorrected sub
sub sub
P P
n
TT TT  (2.33) 
The full power per solid angle in air is TM TE
air air airP P P  . The total power 
emitted into air Iair over all wavelengths is calculated by weighting the emitted 
power , ( , )TM TEair airP T O with the intrinsic spectral density S0(O) i.e. 
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S P d
S S
O O T O
S O O T O T T
f
f
 :
 
³ ³³
³ ³  (2.34) 
The outcoupling efficiency from substrate into air is defined as: 
 
,
air
sub air
sub
I
I
K   (2.35) 
where Isub is total power emitted in the substrate calculated by equation (2.17). 
2.6 The integrated model 
In this section I introduce the integrated model and explain the correlation 
between different loss mechanisms and physical phenomena present in OLEDs. 
The main assumption in the model is that the current density is low enough i.e. 
low excitation levels avoiding bimolecular annihilation [13, 31, 32]. The model 
is introduced by looking at the factors that form the external quantum 
efficiency (EQE) of the device. The external quantum efficiency of an OLED 
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is defined as the number of emitted photons ( phN ) divided by the number of 
injected electrons (
e
N  ) in the device i.e. 
 
ph
e
N
EQE
N 
  (2.36) 
There are different loss mechanisms and effects present in an OLED that have 
different contributions to the EQE. Typically the external quantum efficiency is 
represented by four different factors [23, 25, 33, 34], each of them related to a 
loss mechanism in the OLED: 
 cb st rad outEQE K K K K  (2.37) 
The first factor is called the charge balance cbK  and it gives the ratio between 
the number of excitons formed in the emitting layer and the number of injected 
electron-hole pairs in the device. It depends on the injection of charges from 
the electrodes into the organic layers, the conductivity of the organic layers and 
the different energy levels of the lowest unoccupied molecular orbitals 
(LUMOs) and highest occupied molecular orbitals (HOMOs). The factor stK  
gives the fraction of excitons that are in a state that can emit light. Typically 
0.25stK   if only singlet states can emit light (fluorescent emitters) and 1stK   
in the case of phosphorescent emitters [33] (for guest-host emitting layers all 
the excitons are transferred to the triplet state of the guest emitting molecule 
which can emit light). The radiative efficiency radK  gives the percentage of 
excitons in an emitting state that decay through electromagnetic radiation. The 
last factor is the outcoupling efficiency outK  which gives the fraction of the total 
generated electromagnetic radiation that manages to escape from the device i.e. 
the detectable photons. 
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The model for the radiative efficiency radK  together with the effect of exciton 
decay time is explained in section 2.3. The outcoupling efficiency can be split 
in two parts: outcoupling from OLED to substrate 
,OLED subK  (section 2.4) and 
outcoupling from substrate to air 
,sub airK  (section 2.5), and is written as: 
 
, ,out OLED sub sub airK K K  (2.38) 
In summary, in the previous sections I provided a model for the radiative 
efficiency radK , the OLED to substrate ,OLED subK  and the substrate to air ,sub airK  
outcoupling efficiencies. Having in mind that both radK  and ,OLED subK  are 
calculated using the same model of an antenna ensemble with incoherent light, 
and both of them contain the total generated power F , it is evident that these 
two factors should be calculated together. Taking all this into account and 
using equations (2.11), (2.13), (2.35) and (2.37), I can write down the 
expression for EQE in air for OLEDs with phosphorescent emitters ( 1stK  ): 
 
,0
,0 ,0
air r
air cb
r nr
I
EQE
F
K * * *  (2.39) 
which gives the ratio of the number of photons emitted into air over the number 
of electrons injected in the OLED. In the same manner one can define an EQE 
in the substrate: 
 
,0
,0 ,0
sub r
sub cb
r nr
I
EQE
F
K * * *  (2.40) 
which gives the ratio of the number of photons emitted in the substrate over the 
number of electrons injected in the OLED. The number of photons emitted into 
the substrate can be measured by using a half-ball lens attached on the 
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substrate, and by placing the OLED in the center of the lens. Obviously, it is 
important in this configuration that the half-ball lens is much larger than the 
OLED. 
2.7 The simplified model 
In certain cases when a large number of calculations are required, it is 
convenient to define a simplified model. In this approach I neglect the changes 
in the exciton decay time and more importantly the changes in the radiative 
efficiency radK . This is particularly useful for very efficient emitters for which *r>>*nr and radK  is close to unity, independent of the optical environment. The 
simplified model takes into account the changes in the OLED to substrate 
outcoupling efficiency for a particular wavelength defined as:  
 
2
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2 2
0 0
( , )d 2 ( , )sin( )( ) ( ) ( , )d ( , )d
subn
sub sub sub sub sub
sub
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EML EML
K P d
I
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K K
S SO N O N S T O T TOK O O N O N N O Nf f   
³ ³³ ³ (2.41) 
where K is the power density per unit dN2 in the EML or in the substrate 
calculated using the randomly oriented dipole antenna model (section 2.2). 
( , )sub subP T O  is the power per unit solid angle in the substrate calculated as in 
equation (2.15). 
For light outcoupling from the substrate into air, the simplified model assumes 
that all the light emitted in the escape cone for 0 sub cT T   is outcoupled into 
air, without taking into account multiple reflections in the substrate. Tc is the 
critical angle of total internal reflection at the substrate/air interface. The total 
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power emitted into air for a wavelength O is calculated as (neglecting partial 
reflections at the substrate/air interface): 
 
0 0
( ) 2 ( , )sin 2 ( , )sin
c
air sub sub sub sub air air air airI P d P d
T SO S T O T T S T O T T  ³ ³  (2.42) 
From the above expression it is evident how one can calculate the power per 
unit solid angle in air: 
 2
cos1( ) ( )
cos
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air air sub sub
sub sub
P P
n
TT TT  (2.43) 
The outcoupling efficiency into air for a particular wavelength O is calculated 
as: 
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2.8 Conclusions 
This chapter describes the basic theory used to explain all physical phenomena 
studied in this thesis. It starts with a description of how to model the effects in 
the OLED using coherent light, and the effects in the substrate using incoherent 
light. In continuation it explains how the dipole antenna model can be used 
with coherent light, in order to describe the effects of exciton decay time 
change and OLED to substrate light outcoupling. It also defines the radiative 
efficiency and OLED to substrate outcoupling efficiency. Following is the 
44 2 Theory and optical model 
 
 
substrate to air outcoupling based on incoherent light, represented by Stokes 
parameters, and its interaction with the interfaces represented by Mueller 
matrices. Next is the introduction of the integrated model which takes into 
account all studied effects and explains their contribution to the external 
quantum efficiency of the device.  
At the end of the chapter one can find a simplified optical model which is used 
in case large numbers of simulations are required. This model neglects the 
change in the exciton decay time and the multiple reflections in the substrate. 
Furthermore it defines an outcoupling efficiency for a particular wavelength in 
both substrate and air.  
 3 Simulations 
All the simulations presented in this thesis are the result of a program which I 
have developed in MATLAB (MathWorks Inc.). In this chapter I explain the 
simulations that can be performed using the integrated or the simplified model 
explained in Chapter 2. First a layer optimization for a green OLED is 
introduced using the simplified model. The implementation of the Nelder-
Mead optimization (simplex) algorithm is demonstrated for an OLED with 
multilayer structures in order to enhance outcoupling. Following is the 
extension of the integrated model for calculating the spectral radiance and 
luminous current efficacy of single emitter OLEDs. In continuation this chapter 
discusses the expansion of the integrated model for white stacked OLEDs. At 
the end the CIE 1931 colour coordinate system is described. 
3.1 Layer thickness optimization 
As explained in Chapter 2, all of the optical effects in the OLED depend on the 
layer thicknesses in the stack. The main reason is that the layer thicknesses in a 
particular OLED device define the interference effects. This section gives an 
example on how the layer thicknesses influence the outcoupling efficiency of 
an OLED using the simplified model for monochromatic light. This influence 
is used in order to optimize the device and maximize its efficiency.   
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The green OLED used in these simulations (Figure 3.1) is called the 
³UHIHUHQFH´2/('VLQFHLQ WKHIROORZLQJVHFWLRQs I will add additional layers 
and compare with the reference. It has two emitting layers (EML1 and EML2), 
an electron transporting layer (ETL), a hole blocking layer (HBL), an electron 
blocking layer (EBL) and a hole transporting layer (HTL). Both emitting layers 
are guest-host emitting systems and the ETL and HTL are doped charged 
transporting layers i.e. have an improved conductivity. 
 
Figure 3.1 Reference green OLED used in simulations. Dipole antennas 
are placed at the interface between the two emitting layers (EML1 and 
EML2). The thicknesses dETL and dHTL of the electron-transporting layer 
and the hole-transporting layer are subject to optimization. 
Using the simplified model (section 2.7) I simulate how the outcoupling 
efficiency in the substrate ( )subK O  and in air ( )airK O  for monochromatic light 
(O = 530nm), depend on the layer thicknesses of the electron and hole-
transporting layers (dETL and dHTL respectively). The ensemble of electrical 
dipole antennas with random orientation is placed at the interface between 
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EML1 and EML2 and the optimization is done by considering all possible 
combinations of both layer thicknesses (Figure 3.2). 
 
Figure 3.2 Simulated outcoupling efficiency in the substrate Ksub (a) and 
in air Kair (b) as function of the layer thicknesses of the electron-
transporting layer (dETL) and hole-transporting layer (dHTL) for a 
wavelength of O = 530nm. 
One can see that both ( )subK O  and ( )airK O  have a strong dependency on dETL 
and a weak dependency on dHTL. The main reason for this is that dETL 
determines the distance between the emission zone (EML1/EML2 interface) 
and the metal (aluminum) cathode. Since the cathode at the same time is the 
most reflecting and the most absorbing layer in the OLED stack, dETL will have 
a strong influence on the interference effects of plane waves and on the power 
coupled into evanescent waves. On the other hand dHTL gives the distance of 
the emission zone to the ITO/glass interface which is less absorbing, and leads 
to total internal reflection (TIR) only for higher incident angles and therefore 
has a smaller influence on the interference effects. 
One can see in Figure 3.2 that the outcoupling efficiency as a function of ETL 
and HTL thicknesses has more than one maximum. Furthermore one notices 
that a global maximum can not be expected for layer thicknesses larger than 
300nm. For significantly larger thicknesses the interference effects are 
48 3 Simulations 
 
 
becoming weaker and weaker. In particular for this OLED, the outcoupling 
efficiency in the substrate achieves a global maximum of ( ) 0.489subK O   for 
dETL = 64nm and dHTL = 213nm; for the outcoupling efficiency in air the global 
maximum is ( ) 0.254airK O   for dETL = 198nm and dHTL = 84nm. 
3.2 Nelder-Mead simplex optimization algorithm    
The previous section gives a two layer (parameter) optimization of an OLED 
towards maximizing its efficiency which is done by looking at all possible 
layer thickness combinations for the given range of values. This is a convenient 
way of optimization when only two parameters are involved. However, 
sometimes one needs to optimize more than two layer thicknesses i.e. 
parameters in general in order to maximize the outcoupling efficiency of an 
OLED. In such cases it is important to use a certain optimization algorithm. 
The Nelder-Mead simplex optimization algorithm [35, 36] is an unconstrained 
optimization method that searches for a minimum of a multi-parameter target 
function f. Finding a maximum of f is equivalent to minimizing ±f. It is a very 
convenient optimization algorithm because it does not need the derivatives, 
only the numerical values of the target function. Furthermore, it is well suited 
for the outcoupling efficiency since this is a smooth target function i.e. does 
not change abruptly with the layer thicknesses. However, it is important to 
mention that it is an unconstrained algorithm and it finds a local minimum of 
the target function.  
The easiest way to understand how the Nelder-Mead simplex algorithm finds a 
minimum is to explain it for a two-parameter target function f(x, y). In this case 
the simplex is a tryout triangle in the two-dimensional parameter space (see 
Figure 3.3). At the start the algorithm evaluates and compares the function 
values at the three starting points (vertices). After this, the values of f in the 
vertices are sorted starting from f(H) >  f(B) >  f(L) (H is the highest point, B is 
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the intermediate point and L is the lowest point) as in Figure 3.3. Then, 
operations are carried out in order to move the simplex toward a lower value of 
the target function. With these operations the algorithm is searching for a new 
point with a value smaller than f(H). When such a point is found the algorithm 
forms a new simplex that includes the new found point and excludes the older 
point H. The operations carried out are (in this order): reflection (point R), 
expansion (point E), contraction (points C1 or C2) and shrink (points S1 and S2). 
All of the operations are done on a line that passes through the center S2 
between points L and B. When a new simplex is found the set of operations 
starts again in order to find a new simplex till termination criteria are reached. 
These criteria are related with the simplex volume i.e. the accuracy for 
determining the minimum value of f and its position in the parameter space. 
 
Figure 3.3 Nelder-Mead algorithm. Starting simplex HBL for a two 
parameter target function f(x, y) with vertices: H for highest function 
value, B for intermediate value and L for the lowest value. New points: R 
± reflection, E ± expansion, C1 or C2 ± contraction and S1 and S2 ± shrink. 
50 3 Simulations 
 
 
For a target function with N parameters the simplex has N+1 vertices and it is 
an N-dimensional ³triangle´. The algorithm works in the equivalent way as for 
the two dimensional case. 
In a lot of applications one wants to limit the parameter space where a 
minimum of the target function needs to be found. Since Nelder-Mead 
algorithm is an unconstrained optimization method one has to adapt it in such a 
way that the simplex does not go outside the boundaries of the desired 
parameter space. This is done by modifying the target function so that it yields 
large positive values outside the boundaries. So when a simplex might try to go 
outside the boundaries, the large value of the target function will ³push it´ back 
inside. 
In the work presented here, I search for a maximum of the outcoupling 
efficiency in air Kair(d1,«,dn) i.e. a minimum of -Kair(d1,«,dn) where the input 
parameters are the thicknesses (d1,«,dn) of the layers in the OLED stack.  
3.3 OLED with intermediate layers 
In this section I introduce a simple way for how one can enhance the 
outcoupling efficiency of a one-colour OLED by using intermediate layers 
(ILs) between the ITO anode and the substrate [36-42]. These layers are in a 
sequence with alternating high/low refractive index (high/low/high...). The idea 
is to change the reflectivity of the ITO/glass interface and use it in order to 
enhance the outcoupling efficiency through stronger interference effects. In this 
case one needs to optimize not only the ETL and HTL thicknesses but also the 
thicknesses of the intermediate layers. Therefore in these simulations I apply 
the Nelder-Mead optimization algorithm described in the previous section.  
The reference green OLED from section 3.1 is used in combination with one, 
three or five intermediate layers (Figure 3.4). The high refractive index 
material (n = 2.37) is titanium dioxide (TiO2) and the low refractive index 
material (n = 1.45) is silicon dioxide (SiO2). The simulations are carried out 
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using the simplified model (as the case of the reference green OLED) for a 
wavelength O = 530nm by placing the ensemble of electrical dipole antennas at 
the EML1/EML2 interface. 
 
Figure 3.4 Layer stacks of the green reference OLED and OLEDs with 
intermediate layers (ILs). The thicknesses of ETL and HTL together with 
all ILs are subject to optimization. All other layers have the same 
thicknesses as the reference green OLED shown on Figure 3.1. 
Using the Nelder-Mead simplex algorithm I optimize the thicknesses of ETL, 
HTL and all ILs in order to maximize both outcoupling efficiencies ( )subK O  
and ( )airK O . A significantly large number of starting simplexes are used in 
order to make sure that a global maximum is found. One can notice that in the 
case of the OLED with five ILs there are seven parameters (thicknesses) 
optimized simultaneously, meaning that the simplex is an 8-vertices ³WULDQJOH´
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From the results shown in Table 3.1 one can see that the intermediate layer 
increases the outcoupling efficiency for O = 530nm in both air and substrate. 
However, from these results it is evident that using three ILs is sufficient to get 
to the maximum efficiency enhancement with this approach. Using 
intermediate layers is a good and simple approach for enhancing light 
outcoupling for ³RQH FRORU´ 2/('V 7KRXJK LW KDV VRPH GRZQVLGHV 7KH
enhancement it gives in the emission is for a narrow wavelength region around 
the used wavelength [36] (in this case O = 530nm) which makes it not 
applicable for white OLEDs. Furthermore, the light emission from OLEDs 
with ILs has a very strong angular dependency. However, OLEDs with ILs are 
a good example to illustrate the importance of using a multi-parameter 
optimization algorithm (in the case the Nelder-Mead simplex algorithm). 
3.4 Integrated model: Spectral radiance and 
luminous current efficacy     
The integrated model as introduced in Chapter 2 makes it possible to calculate 
quantum-related quantities (like the EQE). The main challenge is to relate them 
with energy and photometric quantities like the spectral radiance and luminous 
current efficacy [34]. 
In this section I describe how one can calculate the Spectral Radiance 
( , , )L jT O  as a function of the inclination angle T , the light wavelength O and 
the current density j . The ( , , )L jT O  gives the power of the emitted light per 
unit projected area (perpendicular to the viewing direction T ), per unit solid 
angle, per unit wavelength and is expressed in 2
W
m sr nm
ª º« » ¬ ¼ . Afterwards I 
determine the Luminous Current Efficacy (LCE). The LCE gives the total 
emitted luminous flux by the device per unit input current and is expressed in 
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lm
A
ª º« »¬ ¼ . The efficiency should be constant for low current densities, before 
bimolecular annihilation processes appear [13, 31, 32]. 
First I derive a formula to calculate the spectral radiance ( , , )L jT O  of an 
OLED. An injected electron in the OLED has an elementary charge 
191.6 10 Ce  u  and can lead to an emission of a photon with energy hcO , 
where 
2
34 m kg6.626 10
s
h   u  LV 3ODQFN¶V FRQVWDQW DQG 8 m3 10
s
c  u  is the 
speed of light in vacuum. The ratio between the energy of the emitted photon 
and the injected elementary charge is given by hc
eO  . However, due to the loss 
mechanisms described in chapter 2, not every injected electron will lead to the 
emission of a photon. From section 2.6 on the EQE, one can determine the 
probability for the emission of a photon in air with a wavelength O  in a 
direction T  per unit wavelength, per unit solid angle and per injected electron: 
 
r,0
0
r,0 nr,0
( , ) ( ) ( , )air cb air airS PFU T O K O T O* * *  (3.1) 
The probability ( , )air airU T O  is expressed in 1[ ]
nm sr  and is directly related to 
the EQE in air (see equation (2.39)): 
 
0 2
( , )air air air airEQE d dS U T O O
f :³ ³³  (3.2) 
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For low values of j  one can assume that ( , , )L jT O  is proportional to j . Using 
all the above outlined factors I write down the following expression for the 
spectral radiance in air: 
 
1( , , ) ( , )
cos
air air air air
air
hcL j j
e
T O U T OO T  (3.3) 
The factor 1 cos airT  is needed since ( , , )L jT O  is per unit perceived area. Using 
equation (3.1) the above formula for the spectral radiance can be written as: 
 
r,0
0
r,0 nr,0
1( , , ) ( ) ( , )
cos
air air cb air air
air
hcL j j S P
e F
T O K O T OO T * * *  (3.4) 
The above equation gives the spectral radiance for the light emitted into air. In 
an equivalent way as for the EQE in the substrate, one can define a spectral 
radiance for the light emitted in the substrate: 
 
r,0
0
r,0 nr,0
1( , , ) ( ) ( , )
cos
sub sub cb sub sub
sub
hcL j j S P
e F
T O K O T OO T * * *  (3.5) 
One can derive a formula for the luminous current efficacy (LCE) which gives 
the total emitted luminous flux per unit input current in the OLED. For this 
purpose one needs to weight ( , , )L jT O  with the eye sensitivity curve ( )V O
(maximum set to 1), integrate over the whole spectral density 0 ( )S O  and solid 
angle : , and divide by the input current density j . The luminous current 
efficacy in air is calculated as: 
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lm683 ( ) ( , , ) cos
W air air air air
air
V L j d d
LCE j
SO T O T O
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The factor cos airT  is needed to return to the unit active area on the device. 
Using equation (3.4) I write: 
 
r,0
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r,0 nr,00 2
lm683 ( ) ( ) ( , )
Wair cb air air air
hcLCE V S P d d
e FSK O O T O OO
f
 *  :* *³ ³³ (3.7) 
In a comparable way one can also define a luminous current efficacy in the 
substrate: 
 
,0
0
,0 ,00 2
lm683 ( ) ( ) ( , )
W
r
sub cb sub sub sub
r nr
hcLCE V S P d d
e FSK O O T O OO
f
 *  :* *³ ³³ (3.8) 
The LCE is a well defined quantity for OLEDs that can be calculated with the 
presented formulas and measured more accurately, compared to the usually 
used luminous power efficacy (expressed in lm[ ]
W
) which gives the total 
emitted luminous flux per unit input power. The main reason is that the 
luminous power efficacy depends on the voltage, which in experiments can be 
difficult to estimate, especially if there is an important voltage drop over the 
electrode lines. 
3.5 Integrated model for white OLEDs 
White organic light emitting devices are particularly important for illumination 
applications. Typically their layer stack contains a red, a green, and a blue 
emitting layer which leads to emission of white light. However, white OLEDs 
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can have different layer structures and working principles. In this section I 
focus on the so-called whitH ³VWDFNHG´ 2/('V DQG H[SDQG WKH LQWHJUDWHG
model for simulating the light emission of this type of devices. 
 
Figure 3.5 A typical layer structure of a white stacked OLED with three 
emitting layers (EMLs). 
The white stacked OLED is made of individual single emitting layer OLEDs 
stacked on top of each other [43, 44] (Figure 3.5). Typically the electron-
transporting layers (ETLs) and the hole-transporting layers (HTLs) are n and p 
doped correspondingly. The example shown in the figure above has a red, a 
green and a blue emitting layer (EML). The layers between two neighboring 
EMLs are called a charge generation layer [45]. In our integrated model for the 
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white stacked OLED I assume that all EMLs contain phosphorescent small 
molecule emitters.  
In an equivalent way as for single emitting layer OLEDs (chapter 2), each of 
the emitting layers in the white OLED has its own charge balance, radiative 
efficiency (radiative and non-radiative decay rates) and also light outcoupling 
efficiency. Since the single EML OLEDs which are part of the white stacked 
OLED are connected in series, every injected electron-hole pair in the device 
may generate three photons (one in each EML). In that sense, the physical 
phenomena in the white stacked OLED can be considered as the sum of the 
effects in the three individual single EML OLEDs of which it is made of. In 
order to expand the integrated model to the white stacked OLED, I place in 
each EML an ensemble of electrical dipole antennas with random orientation 
with the spectral density of the emitting molecules in the corresponding EML.  
Having the explanation above in mind, the external quantum efficiency (EQE) 
in air for the white stacked OLED is a sum of the three EQEs:  
 
, ,r,0
,
, , ,r,0 ,nr,0
i air i
air i cb
i R G B i i i
I
EQE
F
K * * *¦  (3.9) 
where 
,i cbK  is the charge balance for emitting layer i which is one of the Red 
(R), Green (G) or Blue (B). The total generated power iF  and the total power 
emitted into air for layer i are calculated by equations (2.12) and (2.34) 
respectively. The radiative and non-radiative decay rates in an infinite medium 
,r,0i*  and ,nr,0i*  are intrinsic properties for the emitting molecules in emitting 
layer i.   
With the same reasoning I write down the expression for spectral radiance in 
air for the white stacked OLED: 
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where 
,0 ( )iS O  is the spectral density for the molecules in emitting layer i, and 
,
( , )i air airP T O  is the power per unit solid angle emitted in air by the ensemble of 
dipole antennas in emitting layer i. Furthermore I write down the expression 
for the luminous current efficacy in air: 
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,r,0 ,nr,00 2
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The quantities for light emission in the substrate can be written in an equivalent 
way. 
One can notice that by increasing the number of EMLs in the white stacked 
OLED, the EQE and the LCE will increase, because for each layer an 
additional photon can be generated for the same charge carrier. However it is 
important to mention that the luminous power efficacy (the ratio of emitted 
luminous flux and the input power) typically used for light emitting devices, 
will not necessarily increase. This is because the larger number of introduced 
layers leads to an increase of the voltage applied over the device, and therefore 
to an increase of the dissipated power per charge carrier.  
3.6 Colour coordinates 
When developing a light emitting device it is important to know the human 
colour perception of the emitted light. The impression of colour is a perceptual 
effect of people and not a physical property of light. However it is related to 
the spectral radiance i.e. the spectral power distribution of light [46, 47].  
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3.6.1 CIE 1931 
In order to standardize the colour perception, the Commission Internationale de 
/¶(FODLUDJHCIE) in 1931 defined a system that maps the spectral radiance as a 
physical quantity into a triple of numerical values CIE1931 XYZ tristimulus 
values which form the mathematical coordinates of the colour space. From the 
results of colour matching experiments (based on a large set of people), the 
CIE standardized a set of spectral weighting functions ([¶\¶]¶) that model the 
perception of colour. They are called colour matching functions for the CIE 
Standard Observer and are shown in the figure below. 
 
Figure 3.6 Colour matching functions for the CIE 1931 Standard 
Observer. 
For a given spectral power distribution S(O) normalized so that 
0
( ) 1S dO Of  ³ , 
the tristimulus values are calculated by weighting the spectral distribution with 
the colour matching functions: 
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 (3.12) 
It is important to mention that the eye sensitivity curve V(O) (maximum set to 
1) is actually the colour matching function \¶ and it gives the sensitivity  of the 
human eye for different wavelengths. 
The CIE 1931 also defines the chromaticity values [x,y] which are calculated 
from the tristimulus values as: 
 
X
x
X Y Z
Yy
X Y Z
    
 (3.13) 
There is also a third chromaticity value defined as 1z x y   , but it is not 
independent. The chromaticity values [x,y] (also known as the CIE 1931 colour 
coordinates) together with Y (called luminance) form a triple xyY which 
completely defines a colour. All the colour coordinates [x,y] can be presented 
in a chromaticity diagram shown in Figure 3.7. The shark-fin-shaped path 
swept by all monochromatic sources with wavelengths from 400nm to 700nm 
is called the spectral locus. The set of all colours it is closed by is called the 
line of purples. All colours perceived by people lie within this region. Points 
outside the region are not colours.  
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Figure 3.7 CIE 1931 [x,y] chromaticity diagram. 
3.6.2 CIE 1976 
The CIE 1931 was the first standard for defining colors. However it had certain 
disadvantages that CIE tried to fix by making new standards in the future. 
When looking at the CIE 1931 chromaticity diagram one can notice that equal 
distances in different parts of the diagram do not indicate equal perceptible 
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color differences. One of the new standards is CIE1976 which has a more 
equidistant distribution of colors. The color coordinates in this standard are 
marked as u¶ and Y¶. They are calculated from the CIE1931 tristimulus values 
XYZ as a projective transformation:  
 
4
15 3
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X
u'
X Y Z
Y
v'
X Y Z
    
 (3.14) 
Therefore, they can also be calculated from the chromaticity values x and y:  
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  
 (3.15) 
Due to this, the CIE 1976 X¶ and Y¶ color coordinates are associated with a 
chromaticity diagram (Figure 3.8) equivalent to the CIE 1931 chromaticity 
diagram. As one can notice in Figure 3.8, the areas covered by the different 
color regions are not as different as in the CIE 1931 chromaticity diagram 
(Figure 3.6). Therefore, the CIE 1976 standard also defines a color difference 
as the Euclidian distance between two points in its chromaticity diagram: 
 
2 2
2 1 2 1( ) ( )u'v' u' u' v' v''      (3.16) 
However the CIE 1976 standard does not achieve a perceptual uniformity and 
it is purely an approximation. Nevertheless it is the most uniform color 
standard widely used for illumination and display devices.  
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3.7  Conclusions 
This chapter presented a range of simulations that can be performed using the 
models introduced in the previous Chapter 2. At the beginning the simplified 
model is applied to a green OLED in order to investigate the influence of the 
layer thicknesses on the outcoupling efficiency for monochrome light. 
Following is the description of the Nelder-Mead simplex optimization 
algorithm and the benefits of using this algorithm for optimization of OLED 
layer thicknesses towards maximizing the outcoupling efficiency. Next, the 
Nelder-Mead algorithm is applied successfully in optimizing a green OLED 
with intermediate layers for enhancing the outcoupling efficiency. Next the 
theory of the integrated model is expanded to calculating the spectral radiance 
and luminous current efficacy of OLEDs with single EML. Furthermore the 
integrated model is extended for white stacked OLEDs presenting the theory 
how to calculate the external quantum efficiency, the spectral radiance and 
luminous current efficacy of these devices. The end of the chapter elaborates 
the CIE 1931 and CIE 1976 colour coordinates and the link between 
measurable physical quantities of light emitting devices and human perceptual 
experience.  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 4 Light outcoupling solutions 
This chapter focuses on approaches for enhancing the light outcoupling of 
OLEDs. First it gives an overview of solutions for improved OLED to 
substrate and substrate to air light outcoupling. The main focus is on the high 
index substrate approach for which a detailed study is presented including 
simulations and experiments. The results presented for the high index substrate 
approach are achieved in collaboration with Novaled AG, Dresden, Germany. 
4.1 OLED to substrate outcoupling 
This section gives an overview of the different approaches used to enhance the 
OLED to substrate light outcoupling. It is important to point out that this task is 
much more difficult than to enhance the substrate to air outcoupling. The main 
reason is that when using a technique to enhance the OLED to substrate 
outcoupling typically one needs to modify the ITO/substrate interface. Such a 
modification can cause difficulties in depositing an OLED having in mind the 
total thickness of the whole OLED (~1 micrometer) and the thicknesses of the 
organic layers (from few nanometres to a few hundred nanometres). 
Various approaches for enhancing the OLED to substrate outcoupling 
efficiency have been introduced in the literature. The extraction of light trapped 
in the organic/ITO layers can be realized by using a low refractive index (n = 
1.03) porous aerogel [48], microcavity effects [49], photonic crystals [41, 50-
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53], scattering layers [54, 55] or an embedded low-index grid [56]. In this 
section I review the photonic crystal and the scattering layer approach, because 
these approaches have been intensively investigated in both simulations and 
experiments.More on how to model these structures can be found in the work 
of Bienstman, Vandersteegen et al. [57-59], Martin [60] and Maes [61].   
4.1.1 Photonic crystal 
 
 
Figure 4.1 Schematic structure of an OLED with a photonic crystal. 
The photonic crystal (Figure 4.1) works as a diffraction grating and is able to 
outcouple the light trapped in the organic/ITO layers. It is made of regularly 
repeated internal regions of high and low refractive index with a certain depth. 
How large the effect of the photonic crystal will be on the light outcoupling 
[58] will depend on the contrast in refractive index of the materials which it is 
made of. It is also important that the first material that light encounters after 
ITO is a high refractive index material since otherwise there will be total 
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internal reflection at that interface. The effect of the photonic crystal will also 
depend on the period of its structure and the depth. These two parameters must 
be in the order of the light wavelength. Additionally the outcoupling 
enhancement will also depend on the distance of the emitting layer from the 
photonic crystal and the metal cathode. 
The photonic crystal can not only outcouple light trapped in the OLED into the 
substrate but it can also improve the substrate to air outcoupling. Namely 
(Figure 4.1) if a ray is reflected at the substrate/air interface, and afterwards 
again reflected at the photonic crystal it can change its direction in such a way 
that the second time it hits the substrate/air interface it is transmitted into air. 
The substrate to air outcoupling (as I explain also later) will depend on the 
reflectivity of the OLED with the photonic crystal. From the above one sees 
that the photonic crystal can enhance both, OLED to substrate and substrate to 
air outcoupling efficiency. 
Even though the photonic crystal looks like a good solution for improved light 
outcoupling of OLEDs it has certain downsides. First of all it is rather difficult 
and expensive to produce such a photonic crystal, especially if one wants to do 
mass production. Furthermore there can be issues when depositing an OLED 
on top of a non-planar substrate with a photonic crystal having in mind the 
small thickness of the OLED layers. Additional planarization layers can have 
other unwanted effects such as absorption, and will put the photonic crystal too 
far from the emission zone. An OLED with a photonic crystal can have a very 
strong angular dependency in emission i.e. preferred direction of improved 
light outcoupling [50] which can also lead to stronger changes in the emission 
spectrum. 
4.1.2 Scattering layer 
The scattering layer (Figure 4.2) works in a similar way as the photonic crystal. 
Such a layer is typically made of a bulk high refractive index material with 
randomly distributed particles which have a different refractive index than the 
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bulk. It is important that the particle size is in the order of the light wavelength 
and that the bulk and the particles have a contrast in refractive index. The 
particles can have a higher or a lower refractive index than the bulk. The 
performance of the scattering layer will strongly depend on the volume 
concentration of the particles and their size. Furthermore, the optimum 
concentration for high refractive index particles will be significantly different 
than the optimum for low refractive index particles. Additional important 
parameters are the thicknesses of the layer in the OLED which determine the 
distance of the EML from the scattering layer or from the metal cathode. 
 
Figure 4.2 Schematic structure of an OLED with an internal scattering 
layer. 
In the same way as for the photonic crystal, the scattering layer can, besides 
increasing the OLED to substrate outcoupling, also improve the substrate to air 
outcoupling of light that goes through multiple reflections in the substrate. Also 
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in that case the improvement will depend on the reflecting properties of the 
OLED with the scattering layer. Additionally, the light emission of an OLED 
with a scattering layer can be closer to a Lambertian light source and therefore 
better than the emission from an OLED with a photonic crystal. The reason for 
this is that the particles in the scattering layer are randomly distributed and 
therefore there are no preferred directions for light outcoupling. 
On the other-hand, it is still rather difficult to make a good scattering layer with 
a bulk high index material which will be suited for an OLED deposition. The 
main reason for this is again the non-planar properties of scattering layers 
which can cause problems during OLED deposition. Additional planarization 
layers can have other unwanted effects, such as absorption and pulling away 
the scattering layer from the emitting layer (similar as for the photonic crystal). 
4.2 Substrate to air outcoupling 
The goal of this section is to give an overview of the different proposed 
solutions for enhancing the substrate to air light outcoupling. All of the 
approaches are based on modifying the substrate/air interface. In summary one 
can use a large half-ball lens [62], a microlens array [63-65], or a scattering 
layer [54] attached on the substrate. Since all of the approaches do not alter the 
OLED side of the substrate, typically they are rather easy to apply in 
comparison with OLED to substrate outcouping solutions. 
The large half-ball lens works when the OLED is much smaller than the lens 
and is placed in the center of the lens. In this way almost all the light emitted in 
the substrate hits the lens surface perpendicularly and is outcoupled into air. 
However the large half-ball lens is not a practical solution for substrate to air 
outcoupling because the emitting area of an OLED can be rather large. This 
approach is used often as a reference for other outcoupling solutions. 
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4.2.1 Microlens array 
The microlens arrays (Figure 4.3) are made from a material with the same 
refractive index as the substrate. An element (size ~ 10 Pm) in the array can be 
either a part of a sphere, a pyramid or some other geometrical form [66]. The 
microlens array helps light emitted at angles above the angle of total internal 
reflection to be outcoupled into air. This outcoupling happens not always at 
first pass of the light, but also after multiple reflections in the substrate. 
 
Figure 4.3 Schematics of an OLED with an attached microlens array. 
The improvement of the light outcoupling by the microlens array will depend 
on a few things. The most important are: the geometrical parameters of an 
element in the array (radius, angles, etc), the distance between the elements in 
the array, the array type for spherical microlenses (square or hexagonal), the 
angular distribution of the light emitted from the OLED in the substrate and the 
reflectivity of the OLED. The last two, which are characteristics of the OLED 
are very important. As a consequence, a particular microlens array will not give 
the same enhancement in light outcoupling when attached on the substrates of 
different OLEDs. 
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4.2.2 Scattering layer  
The scattering layer attached to the substrate is made of a bulk material 
(refractive index as the substrate) which contains randomly distributed particles 
with a different refractive index. The size of the particles needs to be in the 
order of the light wavelength. Such a layer can outcouple light emitted at 
higher angles in the substrate in first pass or after multiple reflections in the 
substrate (Figure 4.4). 
 
Figure 4.4 Schematics of an OLED with a scattering layer on the 
substrate. 
The influence of the scattering layer on the outcoupling efficiency will depend 
on the particle size, the particle concentration and the contrast in the refractive 
indices between the bulk material and the particles. As in the case of 
microarrays, the enhancement in the outcoupling will also depend on the 
angular distribution of light emitted from the OLED in the substrate and the 
reflectivity of the OLED. Namely a particular scattering layer will not give the 
same enhancement in outcoupling when attached on the substrate of different 
OLEDs.  
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4.3 High refractive index substrate 
This section provides a discussion on using a high refractive index substrate 
[12, 67-70] for enhancing the OLED to substrate light outcoupling. The results 
presented in this section [68] are obtained in a collaboration with Novaled AG, 
Dresden, Germany, who carried out the experimental part of the work i.e. 
device fabrication and measurements. 
The refractive index of such a substrate is nsub = 1.8 i.e. similar to the refractive 
index of the organic materials. The high index substrate should make sure that 
there is no total internal reflection at the OLED/substrate interface and 
therefore increase the light outcoupling. This approach has been proposed 
already few years ago [71, 72] but not confirmed experimentally. In this 
section we demonstrate the potential of high index substrates theoretically and 
experimentally. 
The simulations are based on the simplified model (section 2.7) which is first 
experimentally verified for a range of green OLED samples on a regular glass 
substrate with different ETL thicknesses. After the experimental verification, 
the model is used to optimize the green OLED on a high index substrate. This 
results in a green OLED sample with an exceptionally high [70, 73] external 
quantum efficiency of 42% and luminous efficacy of 183 lm/W measured at 
1000 cd/m2. 
4.3.1 Device fabrication and measurement methods 
Large emitter-electrode distances are achieved by using electrically doped 
charge transport layers, which feature externally high conductivities (typically 
10-5 S/cm). This allows us to demonstrate high luminous power efficacy and to 
be able to compare the efficiencies of OLEDs with different emitter-cathode 
distances but practically identical electrical properties. Details about the 
HOHFWULFDOGRSLQJWHFKQRORJ\FDOOHG³p-i-n´DUHJLYHQLQ [8]. 
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Figure 4.5 Structure of the organic light-emitting device (OLED). Layers 
from top to bottom: silver cathode, electron-transport layer (ETL), hole-
blocking layer (HBL), emission layers (EML2 & EML1), electron-blocking 
layer (EBL), hole-transport layer (HTL). Emitters are located at the 
EML1/EML2 interface. The distances of emitters from the cathode and 
the anode are dc and da respectively. 
The OLED stack is based on a phosphorescent green double-emission structure 
with Ir(ppy)3, for which high luminous efficacies have already been 
demonstrated [7, 73]. The structure of the device is the following (Figure 4.5): 
indium tin oxide (ITO)/p-type-doped hole transport layer (HTL)/electron 
blocking layer (EBL)/hole transporting emission layer (EMLI)/ electron 
transporting emission layer (EMLII)/hole blocking layer (HBL)/n-type-doped 
electron transport layer (ETL)/silver cathode. For this stack the charge carrier 
recombination zone is pin pointed at the interface between the two emission 
layers, which has been shown previously [9]. All devices were prepared by 
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thermal evaporation of different organic layers in ultra-high vacuum with base 
pressure 10±8 mbar. The p-i-n structure was applied onto an ITO coated glass 
substrate (nsub = 1.5) or a high index sapphire substrate (nsub = 1.8), which are 
patterned for OLEDs with an emitting area of 21 x 21mm2 or 2.5 x 2.5mm2 
correspondingly.  The devices were encapsulated with glass under an inert gas 
atmosphere. 
4.3.2 Results: Simulations and experiments 
4.3.2.1 OLED on regular glass substrate 
First we investigate how the integrated emission of a green bottom emitting 
OLED (Figure 4.5) on a planar standard glass substrate (nsub = 1.5) depends on 
the distances between the recombination zone and the silver cathode (dc), 
respectively the ITO anode (da) (see Figure 4.5). The simplified model (section 
2.7) is used for the theoretical part of the study. Figure 4.6 shows the 
numerically simulated outcoupling efficiency in air ( )airK O  and in the substrate 
( )subK O  for monochromatic light with wavelength O = 530nm. This is the 
central wavelength of the green emission spectrum of Ir(ppy)3, which is used in 
the structure of Figure 4.5. Figure 4.6 illustrates that the two efficiencies 
depend strongly on dc and weakly on da. The dependency of dc is ascribed to 
wide-angle interference between the dipole and its mirror image. Figure 4.6(a) 
also shows that airK  is considerably higher for the second maximum with 
respect to dc (around dc = 220nm and da = 60nm), than for the first maximum 
(around dc = 70nm and da = 50nm), namely 24%airK   instead of 18%airK  . 
For subK
 
(Figure 4.6(b)), the global maximum occurs at dc = 230nm and da = 
80nm ( 42%subK  ). The reason for the larger subK  at the second maximum is 
that a larger dc (i.e. thicker ETL) reduces the power coupled to evanescent 
waves toward the silver cathode generated by the dipole antenna. In 
conclusion, we expect that the external efficiency for an OLED on glass can be 
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improved by about 30% by using thick ETL layers. The advantage of using a 
thicker ETL and operating in the second maximum is already reported in 
literature [74, 75]. 
 
Figure 4.6 Simulated outcoupling efficiency in air airK  (a) and in the 
substrate  subK  (b) for OLEDs with a regular glass substrate as a function 
of dc and da i.e. the distances between the emitters and the cathode and 
the anode respectively. The dashed line (da = 60nm) indicates the 
parameters for the fabricated devices. The three crosses represent the 
parameters for which the angular distribution is shown in Figure 4.8. 
To study the influence of dc on the outcoupling efficiencies airK  and subK  a 
series of green phosphorescent OLED samples (area 21x21mm2) has been 
fabricated with dc between 50nm to 250nm, keeping da constant at 60nm. The 
deposition is based on the doping technology [76-78], allowing the use of thick 
ETLs with high conductivity. This highly conductive ETL ensures a good 
balance of electrons and holes and leads to constant internal quantum 
efficiency, independent of dc. As a result, the variations in the measured 
external efficiency can be ascribed to variations in the optical outcoupling 
efficiency. The comparison between the measured luminous power efficacies 
and simulated outcoupling efficiencies airK  and subK , is shown in Figure 4.7. 
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Figure 4.7 Measured luminous power efficacy (points) in air and in the 
substrate and simulated outcoupling efficiency (lines) in air airK  and in 
the substrate subK  as a function of dc (with constant da= 60nm). 
The luminous power efficacies in air and in the substrate are measured with an 
integrating sphere at a luminance of 1000 cd/m2. For the measurement of the 
emission in the substrate, a large index-matched half-ball lens was attached to 
the substrate. Figure 4.7 shows that the simulated outcoupling efficiencies and 
the measured luminous power efficacies have the same dependency on dc and 
therefore we can conclude that the internal power efficiency is nearly 
independent of dc. For the most efficient OLED (dc= 230nm and da= 60nm) 
measured at 1000 cd/m2, the luminous efficacies are 61 lm/W in air and 102 
lm/W in the substrate corresponding to external quantum efficiencies of 16% 
and 27% respectively. 
At a luminance level of 1000 cd/m2 the measured luminous efficacies are lower 
than for 100cd/m2. This is partly due to the voltage drop in the anode [24] (high 
current density through the resistive ITO) and partly to the efficiency roll-off 
[25] in this phosphorescent OLED at high current density. When the same 
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OLED is measured at a luminance level of 100cd/m2 we find even higher 
values for the luminous efficacy in air and in the substrate: 75 lm/W and 122 
lm/W. 
 
 
 
Figure 4.8 Measured angle dependency of the luminance (in arbitrary 
units) with an attached half-ball and simulated power per unit solid angle 
in the substrate subP  for three different dc values: 55nm (a), 140nm (b) 
and 230nm (c). 
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Figure 4.8 shows the measured luminance in the substrate and simulated power 
per unit solid angle in the substrate subP  as function of the inclination angle for 
dc: 55nm (near the first maximum for airK ), 140nm and 230nm (near the 
second maximum for airK ), with da = 60nm. For the measurements an index-
matched half-sphere lens is attached on the substrate and the entire spectrum is 
measured. The simulation results are for an emission of 530 nm. Note the good 
agreement between theory and experiment. 
4.3.2.2 OLED on high index substrate 
Now, we investigate how the use of a planar high index substrate (nsub = 1.8) 
affects the light emission of the OLED. As in Figure 4.6 (for nsub = 1.5) I 
calculate the outcoupling efficiency in air airK and in the substrate subK  (for nsub 
= 1.8) as a function of dc and da (Figure 4.9). As the refractive index of the 
substrate is now similar to that of the organic layers, total internal reflection 
and light trapping in the organic stack are avoided. Figure 4.9(a) shows that (as 
for the regular glass substrate) dc has a stronger influence on airK  than  da. For 
the high index substrate, the maximum value for airK  is about 20%, which is 
slightly lower than the 24% for the regular glass substrate. This is due to a 
reduction in partial reflection at the ITO/substrate interface, reducing multiple 
beam interferences. Figure 4.9(b) shows that the outcoupling efficiency in the 
substrate subK  can reach up to 68% if the thickness of the ETL is sufficiently 
large (dc larger than 200nm). This outcoupling efficiency is significantly higher 
than the 42% obtained for a standard glass substrate (compare Figure 4.9(b) 
and Figure 4.6(b)), because total internal reflection between the organic layers 
and the substrate does not occur anymore. Also, the oscillations in subK  as a 
function of dc have completely disappeared (Figure 4.10). The simulations 
show there is a significant absorption in the OLED layers. If the aim is to 
4.3 High refractive index substrate 81 
 
enhance the emission into air, it is essential to add an outcoupling structure at 
the substrate/air interface, to avoid repeated total internal reflection.  
 
Figure 4.9 Simulated outcoupling efficiency in air airK  (a) and in the 
substrate subK  (b) for OLEDs with a high index substrate as a function of 
dc and da i.e. the distances between the emitters and the cathode and the 
anode respectively. The dashed line (da = 60nm) indicates the parameter 
for which
air
outK and substrateoutK are presented in Figure 4.10. The cross 
represents the fabricated OLED with high index substrate with dc = 
230nm and da = 60nm for which the maximum luminous efficacy and 
quantum efficiency is measured (shown in Figure 4.10). 
Based on the simulation results from Figure 4.9, a green emitting Ir(ppy)3 
OLED with dc= 230nm, da= 60nm (maximizing subK ) and emission area 
2.5x2.5mm2 has been deposited on a high refractive index substrate (n = 1.8). 
The small device area avoids lateral voltage losses in the ITO [79, 80] but the 
efficiency roll-off for the phosphorescent OLED is still present at higher 
luminance. Using an integrating sphere and driving the device at 1000cd/m2 we 
measured a luminous power efficacy of 70 lm/W and an external quantum 
efficiency in air of 15%. At the same luminance we found (by attaching an 
index matched large half-ball lens on the substrate) an exceptionally high 
luminous power efficacy of 183 lm/W and an external quantum efficiency in 
the substrate of 42%. This external quantum efficiency is the product of a high 
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outcoupling efficiency (estimated as 68%subK  ) and a high internal quantum 
efficiency (estimated as 62%) which is acceptable for OLEDs with Ir(ppy)3 
emitter [81]. 
 
Figure 4.10 Measured luminous efficacy (points) in air and in substrate 
for the best OLED sample on high index substrate with dc = 230nm and da 
= 60nm and simulated outcoupling efficiency (lines) in air airK  and in 
substrate subK  as a function of dc. 
4.3.2.3 Comparison of light distribution 
The light generated in the emitting layer can have different destinations: 
emitted in air; trapped in the substrate; or trapped and absorbed in the OLED 
(the organic layers, the ITO anode, and the metal cathode). The respective 
contributions are estimated in Figure 4.11 for two devices with the same OLED 
stack i.e. dc= 230nm and da= 60nm, one on a regular glass substrate and one on 
a high index substrate. The fraction of light emitted in air is airK  and the 
fraction trapped in the substrate is sub airK K . The rest of the generated light is 
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absorbed in the OLED. Figure 4.11 illustrates that the light absorbed in the 
OLED for a high index substrate (32%) is much lower than for a regular glass 
substrate (59%). This is in agreement with the outcoupling of 68% into the 
high index substrate. 
 
Figure 4.11 Simulated fractions emitted into air, trapped in the substrate, 
absorbed in OLED (the organic layers, the ITO anode or the silver 
cathode) for an OLED structure (dc= 230nm and da= 60nm) on planar 
regular glass and on a planar high index substrate. 
4.3.2.4 Comparison of electrical properties 
Figure 4.12 compares the current-voltage characteristics of OLED samples on 
a regular glass substrate and on a high index substrate, both with dc = 230nm 
and da = 60nm. The data shows that both devices have the same turn-on 
voltage, indicating that there is no difference in carrier injection. Because the 
current-voltage characteristics are nearly identical, we can conclude that there 
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is practically no difference in charge balance. This confirms that the enhanced 
efficiency of the OLED on a high index substrate is only due to the improved 
outcoupling efficiency. The ITO on the high index substrate is not deposited in 
a commercial process and has a larger roughness, leading to a higher leakage 
current (not shown in Figure 4.12) [82] and a higher current below the turn-on 
voltage. 
 
Figure 4.12 Measured current- voltage  characteristics of OLEDs on a 
regular glass substrate and on a high index substrate (dc= 230nm and 
da= 60nm). 
4.4 Conclusions 
This chapter gives a summary on different light coupling approaches. It 
contains an overview of the main OLED to substrate outcoupling solutions 
(photonic crystal and scattering layer) and substrate to air outcoupling solutions 
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(microlens array and scattering layer). Each overview gives the basic working 
principles and the advantages and disadvantages of a particular approach for 
outcoupling enhancement. The main focus of the chapter is the high refractive 
index substrate approach as a solution for OLED to substrate outcoupling. In a 
dedicated section we demonstrate that the use of a high refractive index 
substrate is a promising path for enhancing the outcoupling efficiency (and 
quantum efficiency and luminous power efficacy) of OLEDs. High index 
substrates eliminate total internal reflection at the ITO/substrate interface and 
enable most of the generated light to reach the substrate. Increasing the ETL 
layer thickness (i.e., distance between the emitters and the cathode) reduces 
absorption in the metal and further increases the efficiency. Such a thick ETL 
without a voltage drop can be realized by using electrically doped materials. 
The simulation results are in good agreement with the efficiency and angle 
dependency measurements. Using a high index substrate, we demonstrated a 
green OLED with an exceptionally high external quantum efficiency of 42% 
and a luminous power efficacy of 183 lm/W into the substrate. Both values 
were measured in an integrating sphere at luminance of 1000cd/m2. Another 
challenge is to optimize a white OLED on a high index substrate with a 
microlens array or a scattering layer at the air side.  
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5 Exciton decay time 
As explained in chapter 2, the optical environment influences the exciton decay 
time, which is directly connected with the efficiency of an OLED. The optical 
environment is defined by the layer structure i.e. the layer thicknesses and the 
refractive indexes of the materials in the OLED. The subject of this chapter is 
the change of the exciton decay time in OLEDs with different layer structures. 
This detailed investigation is based on both experiments and simulations. First 
the model described in section 2.3 is verified by measurements of exciton 
decay signals of three different phosphorescent emitters [23, 25]. The emitters 
are placed in OLEDs with different layer structures which can have one metal 
electrode (bottom emission OLEDs), two metal electrodes (top emission 
OLEDs) or no electrodes (photoluminescent samples). Following the 
experimental verification is the detailed simulation analysis on the exciton 
decay time change in bottom and top emission OLEDs as function of layer 
thicknesses [24]. This includes the influence of the power coupled to plane and 
evanescent waves (generated by the dipole antennas) on the exciton decay 
process. 
5.1 Device fabrication 
The layer structures (LSs) used in the experiments were deposited at TU 
Dresden in a multi-chamber high-vacuum cluster tool (base pressure ~ 10-9 
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mbar) by means of thermal evaporation and have an active area of 6 mm2. 
Single mixed films were deposited on a glass or quartz substrate and 
encapsulated with quartz glass. All devices have the same general architecture, 
i.e.: glass substrate/anode/hole transporting layer (HTL)/electron blocking 
layer (EBL)/emitting layer (EML)/hole blocking layer (HBL)/electron 
transport layer (ETL)/cathode. 
 
Figure 5.1 Different layer structures for which the decay time was 
measured in electroluminescence (EL) or photoluminescence (PL). For 
every layer structure one or more emitting layers (EMLs) were used. EML 
stands for green TCTA:Ir(ppy)3, blue TCTA:FIrpic or red NPB:Ir(piq)3. 
The HTL is a p-doped mixed system, either consisting of 4 wt% 2,3,5,6-
tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4-TCNQ) doped into N,N'-
tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD) or NHT-5:NDP-2 (p-doped 
HTL provided by Novaled AG, Germany). 2,2',7,7'-tetrakis-(N,N-
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diphenylamino)-9,9'-spirobifluorene (S-TAD) is used as EBL. Iridium-bis-
(4,6,-difluorophenyl-pyridinato-N,C2)-picolinate (FIrpic) for blue,  fac-tris(2-
phenylpyridine) iridium [Ir(ppy)3] for green and tris(1-
phenylisoqiunoline)iridium [Ir(piq)3] for red are used as phosphorescent 
emitter molecules. 4,4',4''-tris(N-carbazolyl)-triphenylamine (TCTA) and  N,N'-
di(naphthalen-2-yl)-N,N'-diphenyl-benzidine (NPB) are used as host materials 
of the EML for blue/green and red, respectively. 4,7-diphenyl-1,10-
phenanthroline (BPhen) or bis(2-methyl-8-quinolinato)-4-phenylphenolate 
aluminum (BAlq) serve as HBL. The ETL is a Cs-doped BPhen layer [9]. As 
anode material either indium tin oxide (ITO) or Ag are used whereas the 
cathode is either Ag (15 nm - semitransparent) or Al (100 nm). The wavelength 
dependent refractive indices of each organic material were determined by 
ellipsometry and the ones of Ag and Al are taken from literature [83]. The six 
different LS are given in Figure 5.1. 
5.2 Decay time measurements 
To determine the decay time W, time-resolved photo (PL)- and 
electroluminescence (EL) measurements were carried out. The experimental 
set-up and procedures are reported elsewhere [13, 84]. The RC time of the 
detector (photodiode) circuit is 16ns and it was determined by measuring the 
decay of a blue (fluorescent) OLED. Except for the case of the single EML 
structure (LS1), the EL response signal is used for decay time analysis. With 
transient EL excitation (in contrast to photo-excitation) it is possible to confine 
the excitation within the layer of interest, i.e. the EML. Photo-excitation 
excites all absorbing layers of the LS and this may lead to unwanted effects e.g. 
inter-layer exciton transfer to EML and fluorescence from other materials. In 
addition a focused, high-intensity laser source may cause decomposition of the 
LS and modify its optical properties. As an example the decay times of FIrpic 
in various LSs are shown in Figure 5.2. 
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Figure 5.2 Decay signals for different LSs containing the blue emitter 
FIrpic. For better visibility, each decay curve is shifted over one Ps, 
compared to the previous one. Photo-excitation for LS1, and EL transient 
emission for LS2, LS4, LS5 and LS6. Solid lines are best fits of the long-
living mono-exponential decay. The decay time W is displayed for every 
LS as extracted from the fit. 
The values of W are determined from the long-living monoexponential tail of 
the decay signal (indicated by the solid lines), where the decay is solely 
controlled by monomolecular relaxation and where most of the light is emitted. 
The initial deviation from monoexponential decay is due to bimolecular 
annihilation processes at high excitation levels [13, 32]. For LS2 at low 
intensity, a second feature is seen with a time constant of  ~1.4 Ps which is 
most likely due to delayed carrier recombination of remaining space charge 
within the device [85] (with a longer time constant than the intrinsic relaxation 
of excited states of FIrpic). Figure 5.2 shows that W decreases as reflections in 
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the cavity increase. The decay times for the LS containing Ir(ppy)3 and Ir(piq)3 
are measured in the same way. 
5.3 Verification of the model 
 
Figure 5.3 Intrinsic spectral density (S0) of the blue FIrpic, the green 
Ir(ppy)3  and the red Ir(piq)3 emitter as a function of the wavelength (O). 
Using equation (2.12) and the spectra measured in LS1 as spectral density 
(Figure 5.3) I calculate the values of F for each of the emitters in each of the 
fabricated LSs. Figure 5.4 plots the inverse of the measured decay time 1/W  
versus the simulated value of F for corresponding emitting materials and LSs. 
The figure illustrates that for each emitter material, there is roughly a linear 
relationship between the measured 1/W and the calculated F. This indicates that 
for each of the materials, the change in the decay time can be ascribed to 
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variations in F, and the intrinsic radiative and non-radiative decay rates r,0*  
and  nr,0*  can be considered as constants. A least squares method was used to 
determine the best linear fit for each of the three emitters (Figure 5.4). 
 
Figure 5.4 Inverse of the measured exciton decay time (1/W) (points) 
versus the simulated value of F for the three emitter materials: green 
Ir(ppy)3, blue FIrpic and red Ir(piq)3 and for the layer structures LS1 ± 
LS6. The lines show the least-squares fit for the three emitter materials 
corresponding to equation. 
The coefficients of the linear fit can be identified with the coefficients in 
equation (2.10) yielding estimations for the intrinsic radiative and non-radiative 
decay rates r,0*  and nr,0*  of the three emitters (see Table 5.1). Using the 
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intrinsic radiative and non-radiative decay rates of FIrpic I can estimate the 
decay time in any other LS. Using equation (2.7) one can also calculate the 
radiative efficiency in an infinite medium which is a very important parameter 
in evaluating the intrinsic efficiency of an emitter. Table 5.1 also shows that 
the green Ir(ppy)3 emitter is the most efficient ( rad,0 76.6%K  ) of the three. The 
value of 8 % for rad,0K  which I find for the red NPB:Ir(piq)3 is smaller then 
what is reported in literature [13]. This may indicate that another mechanism is 
influencing the decay rate. 
 
emitter green Ir(ppy)3 blue FIrpic red Ir(piq)3 
r,0*  (Ps-1) 0.816 0.488 0.076 
nr,0*  (Ps-1) 0.249 0.529 0.883 W (Ps)
 
0.94 0.98 1.04 
rad,0 r,0 r,0 nr,0/ ( )K  * * *  (%) 76.6 48.0 7.9 
Table 5.1 Radiative r,0*  and non-radiative nr,0*  decay rate estimated 
from the linear fit in Figure 5.4 for the three emitters. Decay time W and 
radiative efficiency rad,0K  in an infinite medium calculated with the 
formulas in section 2.3. 
5.4 Bottom emitting OLEDs 
As previously mentioned the exciton decay time depends on the layer 
thicknesses because the optical structure determines the interference effects. In 
the case of bottom emitting OLEDs the ETL thickness has the strongest 
influence since it determines the distance between the emitters (dipoles) and 
the metal cathode [86]. In this section I investigate in simulations the influence 
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of Bphen:Cs and NHT-5:NDP-2 thicknesses on the FIrpic exciton decay time W 
in LS2 (Figure 5.1). 
 
Figure 5.5 Simulated values of total generated power F for FIrpic emitter 
in LS2 as function of Bphen:Cs and NHT-5:NDP-2 thicknesses. The 
square points mark the layer thicknesses for which the power density K is 
analysed further. 
Using equation (2.12) I calculate the total generated power F for LS2 as a 
function of the Bphen:Cs and NHT-5:NDP-2 thicknesses namely dBPhen:Cs and 
dNHT5:NDP2 (Figure 5.5). Knowing the intrinsic radiative and non-radiative 
decay rates of the FIrpic emitter and using equation (2.10) I calculate W as a 
function of dBPhen:Cs and dNHT5:NDP2 (Figure 5.6). Both F and W change strongly 
with dBPhen:Cs and weakly with dNHT5:NDP2. This is because dBPhen:Cs determines 
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the distance of the emitters from the aluminum cathode which is the most 
important layer for interactions with plane waves and evanescent waves. 
 
Figure 5.6 Simulated values of exciton decay time W in LS2 as function of 
Bphen:Cs and NHT-5:NDP-2 thicknesses. The square points mark the 
layer thicknesses for which the power density K is analysed further. 
One can see from Figure 5.5 and Figure 5.6 that when dBPhen:Cs is very small, 
the total generated power F is significantly increased, which speeds up the 
decay and therefore reduces W. In order to identify the cause for this strong 
change I calculate the power densities radiated towards the cathode and the 
anode K
-
 and K+ respectively. For this calculation I use a wavelength of O = 
480nm and three values of dBPhen:Cs = 10, 40 and 130 nm while keeping 
dNHT5:NDP2 = 60 nm constant (Figure 5.7 and Figure 5.8). 
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Figure 5.7 Power density radiated towards the cathode (K
-
) for bottom 
emitting OLEDs (LS2) for dBPhen:Cs = 10, 40 and 130nm while keeping 
dNHT5:NDP2 = 60nm constant. The spatial frequency N is divided by the 
amplitude of the wave vector in EML OS emitemit 2 nk  . If emitkN  the 
generated waves are plane, otherwise they are evanescent. 
On both figures there are two emission regions depending on the value of N in 
reference to the amplitude of the wave vector in EML OS emitemit 2 nk  . As 
explained in section 2, in the case when emitkN  the dipoles generate plane 
waves and for emitk!N  the dipoles generate evanescent waves. Evanescent 
waves are absorbed by Al, ITO or organic layers. They are a combination of 
³SODVPRQ-OLNH´ZDYHVDQGZDYHVRIDQHDUILHOGDEVRUSWLRQ[86], but in the case 
of an OLED with many absorbing layers it is rather difficult to estimate their 
partial contribution.  However, all the power emitted towards the cathode (K
-
) 
is absorbed in the OLED layers. From Figure 5.7 one can see that by 
decreasing dBPhen:Cs to 10 nm a significant amount of power goes into 
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evanescent waves which is due to the small distance between the dipoles and 
the absorbing Al. The increase of power coupled to evanescent waves in Al is 
the main reason why, for small values of dBPhen:Cs, the total generated power F 
is increased (Figure 5.5) and the decay time W is decreased (Figure 5.6). This 
effect will cause a drop in the external quantum efficiency because the power 
coupled to the evanescent waves is a loss. 
 
Figure 5.8 Power density radiated towards the anode (K+) for bottom 
emitting OLEDs (LS2) for dBPhen:Cs = 10, 40 and 130nm while keeping 
dNHT5:NDP2 = 60nm constant. The spatial frequency N is divided by the 
amplitude of the wave vector in EML OS emitemit 2 nk  . If emitkN  the 
generated waves are plane, otherwise they are evanescent. Part of the 
plane waves emitglass kk N  are trapped and absorbed inside in the 
OLED and another part glass0 kN  can be outcoupled into the glass 
substrate. 
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Figure 5.8 shows three regions of emission depending on the spatial frequency N. The evanescent waves ( emitk!N ) are absorbed in the organic layers and in 
ITO. One part of the plane waves emitglass kk N  (where OS glassnk 2glass  ) 
is trapped inside the OLED and eventually absorbed. On the other hand if 
glass0 kN  the plane waves can be outcoupled into the glass substrate. From 
both Figure 5.7 and Figure 5.8 it is evident that for higher values of dBPhen:Cs the 
contribution of evanescent waves is significantly reduced. In this case the 
change of the decay time is mainly due to the interference effects of plane 
waves. Since part of these plane waves can be outcoupled in the substrate (
glass0 kN  in Figure 5.8), the decrease of the decay time for larger layer 
thicknesses dBPhen:Cs can increase the external quantum efficiency of the device. 
From the above analysis it is evident that in bottom emitting OLEDs the ETL 
thickness has a significant influence on the exciton decay time. The reason for 
that is that the ETL thickness determines the distance between the emitters 
(dipoles) and the metal electrode. This distance is responsible for the strongest 
interference effects of plane waves (due to the reflectivity of the metal) and the 
power coupled into evanescent waves (due to the absorption of the metal). For 
that same reason the external quantum efficiency of these devices is strongly 
influenced by the ETL thickness, while the influence of the HTL thickness is 
small.
5.5 Top emitting OLEDs 
In top emitting OLEDs light is emitted through a thin metal cathode directly 
into air. In this section I investigate the influence of the ETL and HTL 
thicknesses on the exciton decay time in an equivalent way as in the previous 
section. Here in particular I focus on LS4 (Figure 5.1) with FIrpic emitter in 
which Bphen:Cs and p-MeO-TPD are used as ETL and HTL respectively. 
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Figure 5.9 Simulated values of total generated power F in LS4 as 
function of Bphen:Cs and p-MeO-TPD thicknesses. The square points 
mark the layer thicknesses for which the power density K is analysed 
further. 
Using equations (2.12) and (2.10) I simulate the total generated power F 
(Figure 5.9) and the exciton decay time W (Figure 5.10) as a function of the 
thicknesses dBPhen:Cs and dp-MeO-TPD of these layers. From these figures one can 
see that in top emitting OLEDs, the change of F and therefore W depends 
strongly on both layer thicknesses. This is because in top emitting OLEDs 
there are two reflecting electrodes (15nm Ag cathode and 100nm Ag anode in 
LS4) which is not the case in bottom emitting OLEDs (such as LS2). If one 
compares Figure 5.10 with Figure 5.6 it is clear that the exciton decay time of 
the same emitter (FIrpic) in a top emitting OLED has a stronger dependency on 
ETL and HTL thicknesses than in bottom emitting OLEDs. 
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Figure 5.10 Simulated values of exciton decay time W in LS4 as function 
of Bphen:Cs and p-MeO-TPD thicknesses. The square points mark the 
layer thicknesses for which the power density K is analysed further. 
In order to see what are the most important mechanisms that influence the 
exciton decay time, I look into the power densities towards the cathode and the 
anode using one wavelength O = 480nm for three pairs of layer thicknesses 
(dBPhen:Cs; dp-MeO-TPD), namely (10; 10) nm, (60; 60) nm and (130; 130) nm. The 
power densities towards the cathode K
-
 and towards the anode K+ are shown on 
Figure 5.11 and Figure 5.12 respectively. 
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Figure 5.11 Power density generated towards the cathode (K
-
) for top 
emitting OLED (LS3) for three pairs of layer thicknesses (dBPhen:Cs; dp-MeO-
TPD) as (10; 10), (60; 60) and (130; 130) nm. The spatial frequency N is 
divided by the amplitude of the wave vector in EML OS emitemit 2 nk  . If 
emitkN  the generated waves are plane, otherwise they are evanescent. 
Part of the plane waves emitair kk  N  are trapped and absorbed inside 
in the OLED and another part air0 k N  can be outcoupled into air. 
In both cases the emission of the dipoles has two contributions: plane waves (
emitkN ) and evanescent waves ( emitk!N ). All the emission towards the anode 
K+ is absorbed in the OLED. On the other hand K- has a contribution from 
plane waves with airkN  which can be outcoupled into air (Figure 5.11). 
From both calculations of K
-
 and K+ one can see that when Bphen:Cs  and p-
MeO-TPD become very thin, the power coupled to the evanescent waves 
increases significantly (Figure 5.11and Figure 5.12 for dBPhen:Cs = 10nm and dp-
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MeO-TPD = 10nm) because of the absorption of Ag. This effect leads to very high 
values of total generated power F which significantly reduced the decay time W 
(seen on Figure 5.9 and Figure 5.10 correspondingly). Since the power of the 
evanescent waves is absorbed, this drop in the decay time will lead to a drop in 
the external quantum efficiency. On the other hand for larger layer thicknesses 
dBPhen:Cs and dp-MeO-TPD the change of W is caused by the interference effects of 
plane waves. Having in mind that part of these waves can be outcoupled into 
air, for larger dBPhen:Cs and dp-MeO-TPD the drop in the decay time can lead to an 
increase in the external quantum efficiency. 
 
Figure 5.12 Power density generated towards the anode (K+) for top 
emitting OLED (LS3) for three pairs of layer thicknesses (dBPhen:Cs; dp-MeO-
TPD) as (10; 10), (60; 60) and (130; 130) nm. The spatial frequency N is 
divided by the amplitude of the wave vector in EML OS emitemit 2 nk  . If 
emitkN  the generated waves are plane, otherwise they are evanescent. 
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In general the ETL and HTL thicknesses in top emitting OLEDs have a 
stronger influence on the decay time than in the case of bottom emitting 
OLEDs. As shown above, this is because in top emitting OLEDs there are 
stronger interference effects of plane waves and more power is coupled to 
evanescent waves compared to bottom emitting OLEDs. This is because of the 
strong reflectivity and absorption of both electrodes. 
5.6 Conclusions 
As explained in section 2.3, the exciton decay time W depends on the optical 
environment in which the exciton is placed. In that section I present a model 
for exciton decay assuming two possible decay channels: radiative and non-
radiative. In this section, the assumption of a monoexponential decay is 
confirmed experimentally by measuring EL and PL decay signals of three 
different phosphorescent emitters in a range of layer structures. The radiative 
decay of an exciton is modelled by an ensemble of electrical dipole antennas 
with random orientation. The probability for a radiative decay of an exciton is 
proportional with the total generated power F of the antenna ensemble. In this 
section I show that there is indeed a linear relation between 1/W and F. Such a 
linear fit allows me to determine the radiative and non-radiative decay rates of 
the emitters, and most importantly the radiative efficiency in an infinite 
medium which is an intrinsic property of an emitter. The model from section 
2.3 is used to investigate in simulations how W changes with ETL and HTL 
thicknesses in both bottom and top emitting OLEDs. This shows that the 
distance between the metal electrodes and the emitters has a strong influence 
on the decay time, because of plane wave interference and coupling of 
evanescent waves to the metal. The results of this section are important for 
understanding the optical effects in organic light emitting devices. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
6 Integrated model 
Chapter 2 and 3 introduce the integrated model and give expressions on how to 
calculate the quantum, radiometric and photometric quantities of 
phosphorescent OLEDs. This chapter gives a detailed experimental verification 
of the integrated model by comparison of simulations and measurements on a 
set of green OLED samples. In particular, the validation is done by looking 
into the exciton decay time change, current-voltage characteristics, external 
quantum efficiency, spectral radiance, and luminous current efficacy of the 
fabricated devices. At the end, an example is give on how one can estimate the 
color of the emitted light by combining the integrated model and the CIE color 
standards. All results in this chapter are achieved in collaboration with TU 
Dresden, Germany [34]. 
6.1 Device fabrication 
In order to test the integrated model, we fabricated a set of green OLED 
samples (Figure 6.1). The organic layers are sandwiched between a 90 nm 
transparent indium tin oxide (ITO) anode and a highly reflecting aluminum 
(Al) cathode of 100 nm. The OLED architecture contains doped charge 
transport layers and intrinsic charge blocking layers [8, 9]. We employ 4wt% 
of NDP-2 (Novaled AG) doped in the NHT-5 (Novaled AG) as hole injection 
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and transport layer (HTL). As electron and hole blocking layers (EBL/ HBL), 
we use 10 nm of N,N'-Di(naphthalen-1-yl)-N,N'-diphenyl-benzidine (NPB) and 
2,2',2''-(1,3,5-Phenylen)tris(1-phenyl-1H-benzimidazol) (TPBi), respectively. 
The electron injection and transport layer (ETL) is realized by a 4,7-diphenyl-
1,10-phenanthroline (BPhen) layer doped with Cesium (Cs). We fabricated 
four devices with a 20 nm, 45 nm, 130 nm, and 210 nm thickness of BPhen:Cs, 
respectively. The emitting layer (EML) is a host-guest-system, where 4,4',4''-
tris(carbazol-9-yl)-triphenylamine (TCTA) acts as matrix material for the 
phosphorescent emitter tris(2-phenylpyridin) iridium(III) (Ir(ppy)3), which is 
doped with 8wt%. 
 
Figure 6.1 Device structure of the fabricated OLED samples illustrating 
the abbreviations of the used materials and the layer thicknesses. dETL is 
the layer thickness of the electron-transport layer (BPhen:Cs) which is a 
varying parameter in the fabricated OLEDs and in the simulations. 
All devices have been fabricated at TU Dresden by thermal evaporation on ITO 
pre-structured glass substrates in an UHV chamber (Kurt J. Lesker) with a base 
pressure below 10-7 mbar. Furthermore, the OLEDs were encapsulated 
immediately after preparation under nitrogen atmosphere using glass lids and 
epoxy glue. The size of the rectangular (close to square looking) active area is 
6.7mm². 
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6.2 Measurements 
Transient electroluminescence (EL) experiments were carried out in Dresden to 
determine the exciton decay time of the phosphorescent emitter within a given 
optical environment. The OLED devices are electrically excited with a 30 Ps 
voltage pulse using a pulse generator 8114A (Hewlett Packard). The emitted 
light is collected with a fast photodiode PDA10A-EC (Thorlabs), which is 
connected to a multichannel oscilloscope [84]. In order to realize 
monoexponential decay by excluding the influence of triplet-triplet annihilation 
(TTA) [13] at high excitation levels, the excitation voltage is adjusted to low 
levels (corresponding current densities < 400 PA/cm2), where the TTA 
contribution is weak. 
Figure 6.2 shows the EL transients of all four OLEDs having different ETL 
thickness. As expected from the low excitation level, the decay curves follow 
monoexponential decay directly after the end of the voltage pulse. However, in 
contrast to a fully monoexponential behavior, a second component with a 
longer time constant is observed at the long-lived tail of the decay (cf. inset of 
Figure 6.2). Being observed for all devices, it is concluded that this delayed 
component is an extrinsic (not representing the nature of the emitter) feature of 
the OLEDs prepared and is either due to an energy back-transfer in the EML 
[12] or due to delayed carrier recombination [84, 85]. Thus, in order to extract 
the exciton decay time (the time constant of the faster component in these 
transients), a biexponential decay law is applied to fit these curves: 
 delayed( ) exp( / ) exp( / )I t A t B tW W     (6.1) 
where A and B are weighting factors, W is the exciton decay time and Wdelayed is 
the time constant describing the second component. The resulting calculated 
fits are plotted in Figure 6.2 as solid lines. All transients are consistently fitted 
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with fixed values for A=0.87 and B=0.13, respectively. Slight variations of the 
time constant with a value of (2.00r0.25 Ps) for the second component are 
necessary to obtain these fits (possibly because the signal itself is close to the 
detector noise level and thus sensitive to the subtraction of the signal baseline). 
Being longer than typical values of the Ir(ppy)3 exciton lifetime (in even 
weaker cavities) [13] this supports the assumption to be an extrinsic effect. The 
corresponding exciton decay times as a result of this fit are given in Figure 6.2, 
ranging from 580 to 850 ns, depending on the ETL thickness. 
 
Figure 6.2 Measured electroluminescent (EL) transient signals (dots) for 
the OLEDs with different ETL thicknesses. Biexponential curves are fitted 
(lines) of which the fast decay component gives the decay time of the 
triplet state of Ir(ppy)3 in the OLEDs with different ETL thicknesses (inset 
axis with same units). 
6.2 Measurements 109 
 
 
Figure 6.3 Measured current-voltage characteristics of the OLEDs with 
different ETL thickness. 
The Current-Voltage (jV) characteristics shown in Figure 6.3 are measured by 
a source measure unit SMU 2400 (Keithley). The spectral radiance is measured 
at a forward luminance of 1000cd/m² (i.e. different current densities) for all 
OLEDs, using a self calibrated spectro-goniometer including a miniature 
USB4000 fiber optic spectrometer (Ocean Optics). The same measurement 
system allows us to determine the EQE for different current densities [87]. 
Figure 6.4 shows the dependence of the external quantum efficiency on the 
current density which is derived by the assumption that the angular distribution 
of emitted light does not change as a function of the current density. This is 
reasonable, because in a device with one emitter, the position of the emission 
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zone is independent of the current and the optical properties of the device are 
not affected [87]. 
 
Figure 6.4 Measured external quantum efficiency in air (EQEair) without a 
half-ball lens as function of the current density. 
In order to determine the LCE and the EQE in the substrate, all samples have 
been measured in Dresden in a calibrated Ulbricht Sphere with covered edges 
and an attached glass half ball lens (Biomedical Optics, 18mm diameter) using 
refractive index matching oil.  The LCE is calculated from the measured 
luminous power efficacy [lm/W] by multiplication with the voltage. 
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6.3 Verification of the model and discussion 
In this section, we present a detailed verification of the integrated model as 
described in chapters 2 and 3 by comparing measurements and simulations. All 
the simulations are done in Ghent using the Ir(ppy)3 spectral density given in 
Figure 5.3. 
6.3.1 Exciton decay time 
 
Figure 6.5 Measured inverse value of the decay time 1/W as function of 
simulated total generated power F (square points). Linear least square fit 
(solid line) according to equation (2.10) with the fitted parameters giving 
the radiative *r,0 = 0.975 Ps-1 and non-radiative *nr,0 = 0.234 Ps-1 decay 
rates. 
First we start with a confirmation of the exciton decay time model, which 
confirmation is also given in the previous chapter 5. Equation (2.10) predicts 
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that there should be a linear dependency between the inverse value of the 
measured exciton decay time W and the simulated total generated power F by 
the antenna ensemble.  
 
Figure 6.6 Simulated total generated power F as function of the electron-
transport layer thickness dETL (solid line). Measured inverse value of the 
decay time 1/W as function of dETL (square points). The right vertical axes 
1/W is scaled according to equation (5) using the values for radiative *r,0 = 
0.975 Ps-1 and non-radiative *r,0 = 0.234 Ps-1 decay rates. 
In Figure 6.5, one can see that this dependency is indeed linear, and from the 
linear fit one can estimate the radiative and non-radiative decay rates in an 
infinite medium for the Ir(ppy)3 emitter i.e. 1,0 0.975 ȝVr *   and 
1
,0 0.234 ȝVnr *   respectively. Furthermore, using equation (2.7) one can also 
estimate the radiative efficiency 
,0 0.81radK   for this green emitter in an 
infinite medium. This result is very close to the previous estimation of 
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,0 0.77radK   given in Table 5.1. The result means that if the emitters are placed 
in an infinite non-absorbing homogeneous EML medium, about 81% of the 
formed excitons will decay radiatively. Since in such a non-absorbing medium 
there will be no power from the dipole antennas coupled to the evanescent 
waves, all the radiatively decaying excitons will emit a photon. To further 
check the exciton decay time model, we also look at the dependency of F and 
1/W  on the ETL thickness dETL. This is shown in Figure 6.6, where the two 
vertical axes for F and 1/W  are properly scaled, taking into account the 
previously estimated values of 
,0r*  and ,0nr* . One can see that the model 
describes very well the change of the exciton decay time as a function of the 
ETL thickness. 
6.3.2 External quantum efficiency 
The next step is the experimental verification of the model for external 
quantum efficiency (EQE). From equation (2.39), one can see that the only 
unknown parameter is the charge balance cbK . In our model we assume that the 
charge balance stays constant when changing the thickness of the ETL layer 
dETL. This assumption is based on the measured j-V characteristics which are 
practically identical for all OLED samples (Figure 6.3). The way to achieve 
very similar electrical properties of the OLED samples is to use doped ETL 
and HTL layers and a p-i-n OLED structure [8, 9]. Having this in mind, one 
can determine cbK  as a constant fitting parameter by comparing measured EQE 
values (without a half-ball lens) and simulated EQEair values using equation 
(2.39). The values for the measured EQE are taken at a low current density 
before the efficiency roll-off sets in (Figure 6.4). Such a comparison for our 
OLED samples is shown in Figure 6.7, where we give the measured EQE 
without a half-ball lens (squares) and simulated EQEair (solid line) and the 
estimated charge balance from this fit is 0.80cbK  . Using this value for the 
charge balance and equation (2.40) we can simulate the EQEsub (dashed line in 
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Figure 6.7) and compare it with the measurements of the EQE done with a 
half-ball lens attached (circle points in Figure 6.7). In principle, if the half-ball 
lens is large enough, almost all the photons emitted in the substrate can be 
outcoupled and detected. However, one can see that the measurements of 
EQEsub with an attached half-ball lens show smaller values than the simulations 
for EQEsub. The main reason for this is that it is rather difficult to outcouple all 
the photons emitted in the substrate and detect them. 
 
Figure 6.7 Simulated external quantum efficiencies in air and substrate 
(EQEair and EQEsub) as a function of the electron-transport layer 
thickness dETL(solid and dashed line). Simulated EQEsub by integrating 
the inclination angle only in the range 0<Tsub<S/3 (dotted line). Measured 
EQE without and with an attached half-ball lens on the fabricated OLEDs 
(squares and circles). 
In the measurements in Dresden a half-ball lens with diameter of 18mm was 
used, which is not sufficiently large and some total internal reflection occurs. 
In addition the edges of the substrate are covered by the sample holder. This 
means that light emitted at higher angles Tsub in the substrate is less outcoupled 
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than light emitted at smaller angles. The trapped light in the substrate may be 
absorbed by the electrode or may reach the edges of the substrate and be 
absorbed by the sample holder. In order to check this, we calculated EQEsub by 
integrating the inclination angle in a limited range 0<Tsub<S/3 (instead of 
0<Tsub<S/2). These values are shown in Figure 6.7 (dotted line) and fit very 
well with the measured EQEsub with a half-ball lens (circles). This indicates 
that part of the light emitted at higher angles is indeed not well outcoupled by 
the half-ball lens. 
In order to better understand the change of EQE as function of the dETL we 
compare (Figure 6.8) the simulated values of EQEsub and EQEair with the total 
generated power F and total powers emitted in the substrate and in air: Isub and 
Iair correspondingly. 
   
Figure 6.8 Comparison of simulated values of EQEair, EQEsub, F, Iair and 
Isub as function of dETL.  
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From these results one can see that the drop of EQE for low values of dETL is 
due to the high value of F. As explained in section 5.4 this high value of F is 
because of the increased power of the dipole antennas coupled into evanescent 
waves. For higher values of dETL all simulated values have similar dependency 
of this layer thickness i.e. an increase of F can lead to an increase of the EQE. 
6.3.3 Spectral radiance 
 
Figure 6.9 Comparison of simulated (solid lines) and measured (dashed 
lines) spectral radiance L as a function of the wavelength O and the 
inclination angle Tair. 
The next step is to test the theory for spectral radiance ( , , )airL jT O . We 
simulate the spectral radiance in air using equation (3.4) and the current density 
j at which the measurements without a half-ball lens were done for each 
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specific sample. In general, ( , , )airL jT O  is measured at low current densities (j 
~ 10 A/m2) for all samples except the OLED with dETL = 130 nm which is 
measured at j = 304 A/m2. The main reason for this exception is the low 
emission from the sample with dETL = 130 nm since it is in the minimum of the 
EQE (see Figure 6.7). The simulations and measurements of the spectral 
radiance together with the current densities, at which the measurements are 
carried out, are shown in Figure 6.9. One can see that there is a good fit 
between the measured and simulated values of ( , , )airL jT O .  
 
Figure 6.10 Comparison of measured spectral radiance L for the OLED 
with dETL = 130 nm and simulated L using a fitted dETL = 123 nm. 
The discrepancy, in particular seen for the sample with dETL = 130 nm, is 
caused mainly due to the limited accuracy in the thickness of the organic layers 
by which they are deposited. Namely, since this particular OLED is in the 
minimum of the EQE, even small changes in the layer thicknesses of 5-10% 
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can make an important relative change of the EQE of the device and a strong 
change in the angular distribution of the emitted light i.e. the power per unit 
solid angle ( , )air airP T O . Furthermore the higher current density used for these 
measurements leads to an efficiency roll-off (Figure 6.4). In order to confirm 
this, I simulate the spectral radiance of this OLED using a fitted dETL = 123 nm. 
From the comparison of the simulated and measured ( , , )airL jT O  (Figure 
6.10), one can see the there is a good fit between the two, which proves our 
statement above. The small spectral shift still seen between the measurements 
and simulations is most likely to the fact that the spectral density of Ir(ppy)3 
(Figure 5.3) used in simulations was measured in a PL structure (see Figure 
5.1) which is not the same as an infinite homogeneous medium assumed by the 
model.  
6.3.4  Luminous current efficacy 
Finally we verify the theory for the luminous current efficacy (LCE). In 
particular, using the previously determined charge balance 0.80cbK   and 
decay rates 1
,0 0.975 ȝVr *   and 1,0 0.234 ȝVnr *   I simulate the luminous 
current efficacy (LCE) in air and in the substrate according to equations (3.7) 
and (3.8) as a function of dETL (see Figure 6.11). These simulations are 
compared with the measured LCE of our OLEDs without and with an attached 
half-ball lens. One can see that there is a very good fit between simulations of 
LCEair and the measurements without a half-ball lens. However the 
measurements with a half-ball lens show somewhat smaller values than what is 
simulated as LCEsub. The main reason for this is the same as for measurements 
of the EQE with a half-ball lens (Figure 6.7), i.e. it is rather difficult to 
completely outcouple the light emitted at higher inclination angles in the 
substrate (Tsub), if the attached half-ball lens is not big enough. As a 
confirmation for this we show the LCEsub by integrating over only a part of the 
whole interval for the inclination angle i.e. 0<Tsub<S/3 (instead of 
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0<Tsub<S/2). These simulations show a good fit with the measurements with a 
half-ball lens, proving that the light emitted at higher inclination angles in the 
substrate is not very well outcoupled in the measurements. However the overall 
theory for the LCE gives a very good estimation for what is seen in 
experiments. 
 
Figure 6.11 Simulated luminous current efficacy in air and substrate 
(LCEair and LCEsub) as function of the electron-transport layer thickness 
dETL (solid and dashed line). Simulated LCEsub by integrating the 
inclination angle only in the range 0<Tsub<S/3 (dotted line). Measured 
LCE without and with an attached half-ball lens on the fabricated OLEDs 
(squares and circles). 
6.3.5 Color coordinates 
As explained in section 3.6, no matter the application of the OLED, the color 
of the emitted light is an important characteristic. Sometimes the goal is to 
optimize an OLED for maximizing its efficiency, while at the same time 
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targeting a certain color coordinate or a color tolerance region. For that reason 
here I give an example on how good one can estimate the color coordinates of 
an OLED using the integrated model. Therefore I apply the formulas (3.13) on 
the measured and simulated spectral radiance in order to calculate the CIE1931 
chromaticity values (color coordinates) [x, y]. This is done for the OLED with 
dETL = 20 nm. The color coordinates of the simulated and measured spectral 
radiances are compared in Figure 6.12. 
 
Figure 6.12 CIE 1931 [x, y] color coordinates for the simulated and 
measured spectral radiance shown in Figure 6.9a for the OLED with dETL 
= 20 nm. 
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In order to see how big is the perceptual difference it is good to make the 
FRPSDULVRQRI VLPXODWHGDQGPHDVXUHGFRORU FRRUGLQDWHV LQ WKH&,(X¶
DQGY¶FRORUVWDQGDUGVHFWLRQ3.6.2). This comparison in shown in the figure 
below.  
 
Figure 6.13 &,(  >X¶ Y¶@ FRORU FRRUGLQDWHV IRU WKH VLPXODWHG DQG
measured spectral radiance shown on Figure 6.9a for the OLED with 
dETL = 20 nm. 
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Furthermore I estimate the color difference between simulations and 
measurements in this particular example for all angles 0.022u'v'' d  which is 
an acceptable color tolerance. As mentioned in the previous section of this 
chapter, the discrepancy between simulations and measurements are mainly 
due to the limited accuracy of the layer thickness by which layers are deposited 
in the fabricated OLEDs.  
6.4 Conclusions 
This chapter demonstrates the possibilities and potential of the integrated 
model through both simulations and measurements. All parts of the model are 
investigated in details with an experimental verification. This is done by a 
range of measurements on green OLED samples that include: exciton decay 
time, current voltage-characteristics, external quantum efficiency, spectral 
radiance and luminous current efficacy. Through a detailed analysis of both, 
theory and experiments, I estimate the charge balance of these OLEDs, the 
radiative and non-radiative decay rates of the green Ir(ppy)3 emitter and its 
radiative efficiency. These parameters are an intrinsic property for the whole 
OLED stack or the emitters correspondingly. Furthermore, I showed the 
potential of estimating the color of the emitted light which is a very important 
parameter in illumination and display applications. 
 
 
 
 
 
 
 
 
 7 Conclusions and outlook 
7.1 Conclusions 
This PhD thesis focuses on the optical phenomena in Organic Light-Emitting 
Devices. In the previous chapters I elaborate these phenomena and present the 
theory and a model for their understanding. Namely, I focus on the exciton 
decay and light outcoupling. These physical phenomena are in direct relation 
with the loss mechanisms in OLEDs. Therefore, this model can help in 
estimating and minimizing the loss mechanism, leading to maximizing the 
efficiency of the device. 
The core of the whole theory, called the integrated model is made out of two 
parts that use: coherent and incoherent light. Namely, the exciton decay and 
OLED to substrate light outcoupling are modeled using dipole antennas with 
random orientation and coherent light. Therefore, these two phenomena are 
joined and always need to be taken together into account. On the other hand, 
the substrate to air outcoupling is modeled by incoherent light (represented by 
Stokes parameters) and its interaction with the interfaces (represented by 
Mueller matrices) taking into account the multiple reflections in the substrate. 
The exciton decay model, based on dipole antenna emission, assumes that the 
exciton can decay through two channels, a radiative and non-radiative channel 
with corresponding probabilities i.e. the radiative and non-radiative decay rate. 
The radiative decay rate is proportional with the total power emitted by the 
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dipole antennas. Furthermore, it is assumed that the excited state has a 
homogeneous broadening over the different orientations of the emitting 
molecules due to the exciton hopping among the molecules, which is 
represented by dipole antennas with random orientation. This leads to a 
monoexponential exciton decay which is experimentally verified by measuring 
the decay signals of different phosphorescent emitters. Such a comparison of 
simulations and experiments allows me to estimate the radiative efficiency of 
the emitters in an infinite homogeneous medium. It is equal to the fraction of 
excitons that decay radiatively, which is an intrinsic property of the emitting 
luminescent material. That means that with this model one can estimate how 
efficient emitters used in OLEDs are. Furthermore, the model allows 
calculating the change in the exciton decay time in OLEDs with different 
materials and different layer thicknesses. I investigate this effect in detail for 
both, top and bottom emitting OLEDs as function of the distance of the 
emitting layer from the cathode and the anode. 
With the integrated model one can calculate the external quantum efficiency, 
the spectral radiance and the luminous current efficacy of single emitting layer 
OLEDs with phosphorescent emitters. From the detailed experimental 
verification of the model using measurements of decay signals, external 
quantum efficiency, spectral radiance, current-voltage characteristics and 
luminous current efficacy of a set of OLED samples, I can not only estimate 
the radiative efficiency of the emitter but also estimate the charge balance in 
the OLED. With all of these values I obtain a very good evaluation of all loss 
processes in the OLED by combining the integrated optical model with the 
measurements. 
Besides for single emitting layer OLEDs, I also extend the integrated model for 
white stacked OLEDs. In this case an experimental verification is still not 
provided and is left as a future work. However, all the effects studied for a 
single emitting layer OLED, such as the exciton decay time and the light 
outcoupling together with the estimated values of the radiative efficiency and 
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charge balance become even more important for white OLEDs. This is because 
the contributions of the different emitting layers in the white OLED emission 
can significantly alter not only the efficiency, but also the spectrum and color 
of emitted light. Therefore it becomes even more important to properly include 
all effects and parameters when simulating the emission of a white OLED. 
In the thesis I also present a simplified model based on dipole antenna radiation 
by which I calculate emission from an OLED for a particular wavelength not 
taking into account the exciton decay and multiple reflections in the substrate. 
This model is useful for fast optimization of OLEDs in maximizing their 
efficiency. This is demonstrated in simulations first for OLEDs with 
intermediate layers in combination with the Nelder-Mead simplex optimization 
algorithm. Concerning this optimization algorithm, even though its potential is 
demonstrated using the simplified model, it can be also applied on the 
integrated model. This can be especially useful for white stacked OLEDs 
where one can optimize more layer thicknesses for maximizing the efficiency 
of the device.   
The simplified model is applied for optimizing a green OLED with a regular 
glass substrate. Making a set of OLED samples according to the simulations 
and seeing the very good match with the measurements, the simplified model is 
used for optimizing the same OLED on a high index substrate. The high index 
substrate is used as an approach to increase the light outcoupling. Using the 
results of these simulations, a green OLED on a high index substrate is 
demonstrated with an exceptionally high luminous power efficacy of 183 
lm/W. Experimentally this is achieved using doped charge transporting layers 
with high conductivity and a thick electron transport layer which reduces the 
amount of generated power in the emitting layer which is absorbed in the metal 
cathode. It is the first time that the high index substrate approach is studied 
thoroughly and demonstrated experimentally.  
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7.2 Outlook 
The integrated model that I developed shows very good results when applied 
on OLEDs with a single phosphorescent emitting layer. But its application does 
not stop there, since it has a solid basis and it can be expanded in a range of 
other applications. Here I elaborate on its great potential in different possible 
applications, the necessary adjustments and the challenges towards those 
adjustments. 
As mentioned throughout the PhD thesis, I developed the integrated model for 
phosphorescent emitters where all excitons are eventually in the triplet state of 
the Lowest Unoccupied Molecular Orbital (LUMO). However this should not 
be seen as a limitation. The same model can be applied on fluorescent emitters 
where excitons are formed on both singlet and triplet states of the LUMO. In 
this case only the singlet excitons can decay into a photon which is in total only 
25% of all excitons [33]. The only thing that one should check is if the single 
excited state has a homogeneous broadening over the different orientations of 
molecules. This can be done simply by looking at the exciton decay signal, 
which if the statement is true should be monoexponential in the long living 
part. 
In practice the EML in an OLED can contain two different guest emitting 
molecules [88]. Therefore it will be important to adapt the integrated model for 
such an application. In this case excitons can be transferred from one emitter to 
the other. For that reason the differential equations that describe the exciton 
decay will need to be adjusted. In such an OLED a single injected electron can 
generate one photon. However, the probabilities for generating a photon from 
one or the other emitter will be different. These are the things that one needs to 
take into account when expanding the integrated model for an OLED which 
has double emitter EML. 
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As one can see in Chapters 3 and 4, there can be OLEDs with two EMLs next 
to each other. In this particular case there can be exciton transfer from one 
EML to the other. Even though there are two EMLs, a single injected electron 
will generate one photon. Therefore, the probabilities for a photon generation 
at each of the two EMLs will be different. When extending the integrated 
model for this case one needs to include these effects. 
In section 3.5 I give the formulas for the integrated model applied on a white 
stacked OLED. However, there is another type called hybrid white OLEDs 
[89-91] that differ from the stacked white. The EMLs in a hybrid white are 
next to each other or at most separated by one interlayer. This means that a 
single injected electron can generate only one photon (in contrast to the stacked 
white where a single electron can generate more than one photon). Another 
difference is that there can be exciton transfer between neighboring EMLs 
which needs to be clarified and investigated. These are the challenges that one 
will meet when adjusting the integrated model for hybrid white OLEDs. 
As explained in section 2.6, the integrated model is defined for low excitation 
levels (equivalent to low current densities) and does not take into account 
bimolecular annihilation [13, 31, 32]. Even though challenging, it can be useful 
to include this effect into the integrated model since it is responsible for the 
efficiency roll-off at higher excitation levels. By including this effect into the 
integrated model one will be able to estimate the efficiency of an OLED at 
higher excitation levels i.e. at higher current densities. 
The integrated model not only takes into account all optical phenomena in an 
OLED stack but it also gives the interface between the optical and electrical 
effects in the device. The final goal can be in combining the integrated model 
with an electrical model which takes into account the conductivities of the 
layers, the voltage drop over the layers, the energy barriers at the layer 
interfaces etc. Such an electro-optical integrated model for OLEDs could give a 
full description of the device performance.   
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Concerning the substrate-to-air light outcoupling, the integrated model uses the 
method with Mueller matrices and Stokes parameters for incoherent light 
(section 2.5). Even though, the model here is given only for a planar 
substrate/air interface, it can be easily expanded for a non-planar interface. 
Namely, if the substrate/air interface has a microlens array or a scattering layer, 
one could eventually measure the reflection and transition matrices for this 
interface and incorporate them in the presented formulas. It is important to 
mention, that in general for such outcoupling structures one needs to take into 
account not only the inclination angle but also the azimuth angle. Although 
such a procedure to determine the transmission and reflection matrices of a 
structured substrate/air interface can be challenging, the benefits are very 
important. Namely, the transmission and reflection matrices for a particular 
structure are determined once and can be used in the integrated model for any 
OLED. This will allow optimization of OLED layer thicknesses with a 
structured substrate/air interface. By adjusting the layer thicknesses one will be 
able to tune not only the device efficiency but also the color of the emitted 
light.     
The potential of the high refractive index substrate as an OLED-to-substrate 
outcoupling solution is very high. The substrate to air outcoupling for this case 
can be improved in a few ways. The first is by using a macro structure [12] on 
the substrate/air interface with the same refractive index as the substrate. 
Another way could be a microlens array with a high refractive index attached 
on the substrate/air interface. As mentioned in section 4.2.2 one can also use a 
scattering layer. In all of these cases one can use the integrated model (with the 
proposed adjustments from the previous paragraph) to optimize the OLED. It is 
evident that the high index substrate approach is a very good and rather simple 
approach for enhancing the light outcoupling. However, it is not clear if this 
solution is suited for mass production. The main limitation is the price of the 
high refractive index glass which is still rather high. Though, if glass 
manufacturers have an interest in mass production of such a glass, the prices 
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could eventually go down, which will open the way for high efficiency OLEDs 
on high refractive index substrates.  
By stressing the above ideas I showed the potential of the integrated model and 
the challenges of its implementation in more complex OLEDs. Furthermore I 
outlined the high refractive index as an outcoupling solution towards achieving 
highly efficient OLEDs. 
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